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A magnetic sensor includes a magneto-resistive element, a
Hall element, and a detection circuit that recerves a signal
from the magneto-resistive element and a signal from the
Hall element input thereto. The detection circuit includes an
output terminal and an 1nterrupt generation unit. The output
terminal outputs, to the outside as an output signal, a signal
obtained by performing to the signal input from the mag-
neto-resistive element, at least one processing selected from
amplification, analog-to-digital conversion, oflset correc-
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tion, and temperature-characteristics correction. The inter-

rupt generation unit outputs an interrupt signal when the

signal mput from the Hall element 1s larger than a prede-

termined threshold. The magnetic sensor 1s high accurate

and highly rehable.
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FIG. 2A
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FIG. 2B
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FIG. 3
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FIG. 4
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FIG. 7A
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FIG 9
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MAGNETIC SENSOR AND DETECTION
DEVICE USING SAME

This application 1s a U.S. national stage application of the
PCT international application No. PCT/IP2017/023466 filed
on Jun. 27, 20177, which claims the benefit of foreign priority

of Japanese patent applications No. 2016-137291 filed on
Jul. 12, 2016, No. 2016-137292 filed on Jul. 12, 2016, No.

2016-151648 filed on Aug. 2, 2016, and No. 2017-005561
filed on Jan. 17, 2017, the contents all of which are incor-
porated herein by reference.

TECHNICAL FIELD

The present mvention relates to a magnetic sensor used
for detecting, e.g. a steering angle of an automobile, and to
a detection device.

BACKGROUND ART

A magnetic sensor for detecting a steering angle even
while an 1gnition switch of an automobile 1s turned off 1s
known. PTLs 1 to 3 are known as prior art documents related
to such a magnetic sensor.

A magnetic sensor for detecting rotation of an object
which includes a steering angle or the like using a magneto-
resistive element 1s known.

PTLs 4 to 6 are known as prior art documents related to
such a magnetic sensor.

A magnetic sensor which has magnetic field generating
means for diagnosing a sensor based on a magnetic field
generated from the magnetic field generating means 1s
known. PTLs 7 and 8 are known as prior art documents
related to such a magnetic sensor.

A magnetic sensor combining a magneto-resistive ele-
ment and a Hall element 1s known. PTLs 9 and 10 are known
as prior art documents related to such a magnetic sensor.

A magnetic sensor including two detection systems to
improve redundancy of the sensor 1s known. PTLs 11 to 13
are known as prior art documents relating to this magnetic
SENnsor.

A magnetic sensor including a magneto-resistive {ilm
made of NiFe alloy to detect an external magnetic field 1s
known. PTLs 14 to 17 are known as prior art documents
relating to this magnetic sensor.

A magnetic sensor mncluding two sensors stacked verti-
cally to constitute one package 1s known. PTLs 18 to 22 are
known as prior art documents relating to this magnetic
SENSor.

A position detecting device including a magnetic sensor to
detect a position of a shiit lever 1s known. PTLs 23 to 25 are
known as prior art documents relating to this position
detecting device.

Demands for high accuracy and reliability 1n the magnetic
sensor have been increased. However, the above-mentioned
magnetic sensors hardly satisiy these demands sufliciently.
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SUMMARY

A magnetic sensor imncludes a magneto-resistive element,
a Hall element, and a detection circuit that receives a signal
from the magneto-resistive element and a signal from the
Hall element input thereto.

The detection circuit includes an output terminal and an
interrupt generation unit. The output terminal outputs, to the
outside as an output signal, a signal obtained by performing,
to the signal mput from the magneto-resistive element, at
least one processing selected from amplification, analog-to-
digital conversion, oflset correction, and temperature-char-
acteristics correction. The interrupt generation unit outputs
an interrupt signal when the signal mput from the Hall
clement 1s larger than a predetermined threshold.

The magnetic sensor 1s accurate and highly reliable.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A 1s a block diagram of a magnetic sensor in
accordance with an exemplary embodiment.

FIG. 1B 1s a circuit diagram of a magnetic detection
clement of the magnetic sensor in accordance with the
embodiment.

FIG. 2A 1s a schematic view of a rotation detecting device
including the magnetic sensor in accordance with the
embodiment.

FIG. 2B 1s a schematic view of a control system including,
the rotation detecting device 1n accordance with the embodi-
ment.

FIG. 3 1llustrates an operation of a detection circuit of the
magnetic sensor 1 accordance with the embodiment.

FIG. 4 illustrates another operation of the detection circuit
of the magnetic sensor in accordance with the embodiment.
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FIG. § illustrates still another operation of the detection
circuit of the magnetic sensor in accordance with the
embodiment.

FIG. 6 illustrates an operation of the magnetic sensor in
accordance with the embodiment.

FIG. 7A 1s a flowchart for explaiming a further operation
of the detection circuit of the magnetic sensor 1n accordance
with the embodiment.

FIG. 7B schematically 1llustrates an operation of correct-
ing the detection circuit of the magnetic sensor 1 accor-
dance with the embodiment.

FIG. 7C 1s a schematic diagram of the detection circuit of
the magnetic sensor in accordance with the embodiment for
explaining an operation of correcting of the detection circuit.

FIG. 8 1s a block diagram of another magnetic sensor in
accordance with the embodiment.

FIG. 9 15 a top view of the magneto-resistive element and
the detection circuit shown in FIG. 8.

FIG. 10 1s a front view of the magnetic sensor shown 1n
FIG. 8.

FIG. 11 1s a top view of still another magnetic sensor in
accordance with the embodiment.

FIG. 12 1s a cross-sectional view of the magnetic sensor
along line XII-XII shown 1n FIG. 11.

FIG. 13 1s a cross-sectional view of a further magnetic
sensor 1n accordance with the embodiment.

FIG. 14 1s a cross-sectional view of a further magnetic
sensor 1n accordance with the embodiment.

FIG. 15 1s a perspective view of the magnetic sensor
shown 1n FIG. 13.

FIG. 16 1s a perspective view of the magnetic sensor
shown 1n FIG. 15.

FIG. 17A 1s a front view of the magneto-resistive element
shown 1n FIG. 8.

FIG. 17B 1s a cross-sectional view of the magneto-
resistive element along line 17B-17B shown in FIG. 17A.

FIG. 18A 1s a cross-sectional view of a magneto-resistive
layer of a comparative example of a magneto-resistive
clement.

FIG. 18B 1s a cross-sectional view ol a magneto-resistive
layer of the magneto-resistive element 1n accordance with
the embodiment.

FI1G. 19 1llustrates a further magnetic sensor in accordance
with the embodiment.

FIG. 20A illustrates the magnetic sensor in accordance
with the embodiment for illustrating an operation of the
magnetic sensor when a magnet 1s located on the left-hand
side of the magnetic sensor 1n accordance with the embodi-
ment.

FIG. 20B 1s a view describing the operation when the
magnet 1s located on the left-hand side of the magnetic
sensor 1n the exemplary embodiment.

FIG. 20C 1s a view describing the operation when the
magnet 1s located on the left-hand side of the magnetic
sensor 1n the exemplary embodiment.

FIG. 21A 1s a view describing an operation when a
magnet 1s located on the right-hand side of the magnetic
sensor 1n the exemplary embodiment.

FIG. 21B 1s a view describing the operation when the
magnet 15 located on the right-hand side of the magnetic
sensor 1n the exemplary embodiment.

FIG. 21C 1s a view describing the operation when the
magnet 1s located on the right-hand side of the magnetic
sensor 1n the exemplary embodiment.

FI1G. 22 15 a perspective view of another detection device
in the exemplary embodiment.
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FIG. 23A 15 a top view of the detection device shown 1n
FIG. 22.

FIG. 23B 1s a view showing an output of the detection
device shown 1n FIG. 22.

FIG. 24 1s a block diagram of a magnetic sensor of the
detection device shown in FIG. 22.

FIG. 25 1s a perspective view of still another magnetic
sensor 1n the exemplary embodiment.

FIG. 26 1s a view describing a manufacturing method of
the magnetic sensor shown i FIG. 25.

FIG. 27 1s a view describing the manufacturing method of
the magnetic sensor shown 1 FIG. 25.

FIG. 28 1s a view describing the manufacturing method of
the magnetic sensor shown i FIG. 25.

FIG. 29 15 a view describing the manufacturing method of
the magnetic sensor shown i FIG. 25.

FIG. 30 1s a view describing the manufacturing method of
the magnetic sensor shown i FIG. 25.

FIG. 31 1s a view describing the manufacturing method of
the magnetic sensor shown i FIG. 25.

FIG. 32 1s a view describing the manufacturing method of
the magnetic sensor shown i FIG. 25.

FIG. 33 1s a perspective view of still another detection
device 1n the exemplary embodiment.

FIG. 34A 1s a partial top view of the detection device
shown 1 FIG. 33.

FIG. 34B 1s a partial top view of the detection device
shown i FIG. 33.

FIG. 34C 1s a front view of an object magnet of the
detection device shown in FIG. 33.

DETAILED DESCRIPTION OF PR
EMBODIMENTS

L1
Y

ERRED

FIG. 1A 1s a block diagram of magnetic sensor 100 1n
accordance with an exemplary embodiment. Magnetic sen-
sor 100 includes magneto-resistive (MR) element 12 and
detection circuit 10 that 1s electrically connected to mag-
neto-resistive element 12.

FIG. 1B 1s a circuit diagram of magneto-resistive element
12. Magneto-resistive element 12 includes eight magneto-
resistive elements 12a to 12/. Each magneto-resistive ele-
ment 1s a magneto-resistive effect element that 1s provided
on substrate 12p, such as a silicon substrate, and contains
iron-nickel alloy. Each magneto-resistive element has an
clectrical resistance that changes according to a change 1n
direction and magnitude of a magnetic field applied to the
magneto-resistive element from the outside. In other words,
magneto-resistive element 12 (12aq to 12/2) 1s a magnetic
detection element for detecting magnetism.

Magneto-resistive elements 12a to 124 constitute bridge
circuit WB1. In other words, a series circuit assembly
constituted by magneto-resistive elements 12a¢ and 1256
connected 1n series with each other 1s connected in parallel
with a series circuit assembly constituted by magneto-
resistive elements 12¢ and 124 connected 1n series with each
other to form bridge circuit WB1. One end of bridge circuit
WBI1 1s connected to potential VS, and the other end of
bridge circuit WB1 1s grounded through ground GND.

As shown 1 FIG. 1B, end 124-2 of magneto-resistive
clement 12a 1s connected to end 125-1 of magneto-resistive
clement 125 at node 12ab, and magneto-resistive elements
12a and 126 are thus connected 1n series with each other.
End 12¢-2 of magneto-resistive element 12¢ 1s connected to
end 12d-1 of magneto-resistive element 124 at node 12c¢d,
and magneto-resistive elements 12¢ and 124 are thus con-
nected i series with each other. End 124-1 of magneto-
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resistive element 124 1s connected to end 12¢-1 of magneto-
resistive element 12¢ at node 12ac, and magneto-resistive
clements 12a and 12¢ are thus connected 1n series with each
other. End 1256-2 of magneto-resistive element 126 1s con-
nected to end 12d4-2 of magneto-resistive element 124 at
node 12bd, and magneto-resistive elements 125 and 124 are
thus connected 1n series with each other. Node 12ab 1s
connected to potential VS which 1s a fixed potential, and
node 12c¢d 1s grounded through ground GND, 1.e., connected
to a fixed potential. Nodes 12ac and 12bd constitute mid-
points of bridge circuit WB1.

Magneto-resistive elements 12¢ to 12/ constitute bridge
circuit WB2. In other words, a series circuit assembly
constituted by magneto-resistive elements 12¢ and 12/ con-
nected 1n series with each other 1s connected 1n parallel with
a series circuit assembly constituted by magneto-resistive
clements 12g and 12/ connected 1n series with each other to
form bridge circuit WB2. One end of bridge circuit WB2 1s
connected to potential VC serving as a reference potential,
and the other end of bridge circuit WB2 1s grounded through
ground GND.

As shown 1n FIG. 1B, end 12e-2 of magneto-resistive
clement 12¢ 1s connected to end 12/-1 of magneto-resistive
clement 12f at node 12¢f, and magneto-resistive elements
12¢ and 12/ are connected 1n series with each other. End
12¢0-2 of magneto-resistive element 12¢ 1s connected to end
12/72-1 of magneto-resistive element 12/ at node 12g/%, and
magneto-resistive elements 12g and 12/ are connected in
series with each other. End 12e-1 of magneto-resistive
clement 12¢ 1s connected to end 12g-1 of magneto-resistive
clement 12¢ at node 12eg, and magneto-resistive elements
12¢ and 12¢g are connected in series with each other. End
12/-2 of magneto-resistive element 12/ 1s connected to end
12/7-2 of magneto-resistive element 12/ at node 12/, and
magneto-resistive elements 12f and 12/ are connected in
series with each other. Node 12¢f 1s connected to potential
VC which 1s a fixed reference potential, and node 12g/ 1s
grounded through ground GND, 1.e., connected to a fixed
potential. Nodes 12eg and 12f2 constitute midpoints of
bridge circuit WB2.

The bnidge circuit WB1 coincides with bridge circuit
WB2 rotated by 45°. In another expression, bridge circuit
WB2 coincides with bridge circuit WB1 rotated by 45°.
Magnetic sensor 100 1s disposed near object magnet 142.
Object magnet 142 1s coupled with a rotating member (e.g.,
a steering shait of an automobile), which serves as a target,
via, e.g. a gear. According to a change in external magnetic
field (or rotating magnetic field) applied from object magnet
142, the resistances ol magneto-resistive elements 12a to
12/ change. Accordingly, signal sin+ and signal sin— are
output from node 12ac of magneto-resistive elements 12a
and 12¢ and node 12bd of magneto-resistive elements 1256
and 12d, respectively. Signal sin+ and signal sin— are sine
wave signals having sinusoidal wave form with phases
different from each other by 180°. Magneto-resistive ele-
ments 12a to 124 constitute bridge circuit WB1. Signal cos—
and signal cos+ are output ifrom node 12eg of magneto-
resistive elements 12¢ and 12g and node 1277 of magneto-
resistive elements 12/ and 12/, respectively. Signal cos— and
signal cos+ are cosine wave signals with phases different
from each other by 180°. Magneto-resistive elements 12e to
12/ constitute bridge circuit WB2. Signal cos+ and signal
cos— have phases delayed by 90° from signal sin+ and signal
sin—, respectively. Signal cos+ and signal cos— are cosine
wave signals output from bridge circuit WB2. Signal sin+
and signal sin— are sine wave signals output from bridge
circuit WB1. Sine wave signals are obtained from bridge
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circuit WB1 while cosine wave signals are obtained from
bridge circuit WB2. This 1s because bridge circuit WBI1
coincides with bridge circuit WB2 rotated by 45°. Thus,
magneto-resistive element 12 outputs detection signals (si1g-
nal sin+, signal sin-, signal cos+, signal cos—) according to
the rotation of object magnet 142.

Detection circuit 10 1s mounted on substrate 10p, and
performs various kinds of signal processing, such as ampli-
fication and analog-to-digital (AD) conversion of signal
sin+, signal sin—, signal cos+, and signal cos—, while rece1rv-
ing signal sin+, signal sin—, signal cos+, and signal cos-.

A structure and operation of detection circuit 10 will be
detailed below.

Amplifier 14a amplifies signal sin+. Amplifier 145 ampli-
fies signal sin—. Amplifier 14c amplifies signal cos+. Ampli-
fier 144 amplifies signal cos-—.

Offset control circuit 15 1s connected to mput stages of
amplifiers 14a to 14d, and controls amplifiers 14a to 144
such that a difference between midpoint potentials which are
respective average values of signal sin+ and signal sin— 1s
adjusted to be zero, and a difference between midpoint
potentials which are respective average values of signal cos+
and signal cos— 1s adjusted to be zero.

Differential amplifier 16a amplifies a diflerence between
signal sin+ and signal sin— which are output from bridge
circuit WB1 so as to generate signal sin having twice each
ol respective amplitudes of signal sin+ and signal sin-.

Differential amplifier 165 amplifies a difference between
signal cos+ and signal cos— which are output from bridge
circuit WB2 so as to generate signal cos having twice each
of respective amplitudes of signal cos+ and signal cos-.
Signal cos 15 a sine wave signal with phase different from the
phase of signal sin by 90°.

Gain control circuit 17 adjusts gains of differential ampli-
fiers 16a and 165 such that signal sin and signal cos which
are output from differential amplifiers 16a and 165 have
predetermined amplitudes.

This configuration does not require the adjusting of offset
and gain of each of amplifiers 14a to 144, so that the signals
are adjustable by one offset adjustment and one gain adjust-
ment. This contributes particularly to reduce circuit size.

An analog signal output from differential amplifier 164 1s
sampled by AD converter 18a at a predetermined sampling
period and converted 1nto signal sin which 1s a digital signal.

An analog signal output from differential amplifier 165 1s
sampled by AD converter 186 at a predetermined sampling
period and converted into signal cos which 1s a digital signal.
Amplifiers 14a to 144, differential amplifiers 16a and 165,
and AD converters 18a and 186 constitute processing circuit
10 that processes the signals output from magneto-resis-
tive element 12 (124 to 12/) and outputs signal sin and
signal cos which are digital signals.

Hall element 40q has a detection sensitivity to a magnetic
field perpendicular or parallel to the circuit substrate on
which detection circuit 10 1s provided, and outputs a detec-
tion signal according to a direction and magnitude of an
external magnetic field (rotating magnetic field) mentioned
above.

Hall element 405 has a detection sensitivity to a magnetic
field perpendicular or parallel to the circuit substrate on
which detection circuit 10 1s provided, and outputs a detec-
tion signal according to a direction and magmtude of an
external magnetic field (rotating magnetic field) mentioned
above.

Amplifier 42a amplifies signal S40aq output from Hall
clement 40aq.
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Amplifier 426 amplifies signal S405 output from Hall
clement 405.

Comparator 44a converts a signal output from amplifier
42a 1nto pulse signal S44a with a rectangle wave shape by
binarizing, 1.e., comparing the signal with predetermined
threshold S0 to generate a binary signal. Threshold S0 1s a
median value of signals output from amplifier 42a.

Comparator 445 converts a signal output from amplifier
42b 1nto pulse signal S44b with a rectangle wave shape by
binarizing the signal, 1.e., by comparing the signal with
predetermined threshold S0 to generate a binary signal.
Threshold S0 1s a median value of signals output from
amplifier 426. Amplifiers 42a and 42b, and comparators 44a
and 44b constitute processing 23 circuit 107 that processes
signals output from Hall elements 40a and 405 and outputs
pulse signal S44a and S445b.

Hall element 40q has a structure coinciding with a con-
figuration of Hall element 406 rotated by 90°. In another
expression, Hall element 405 has a structure i1dentical to a
configuration Hall element 40a rotated at 90°. The pulse
signal output from Hall element 40 via comparator 44a has
a phase difference of 90° with respect to the pulse signal
output from Hall element 406 via comparator 44b.

Regulator 6056 supplies potential V1 to processing circuit
102, oscillator (OSC) 80a, and Hall elements 40a and 405.

Regulator 60c supplies potential V2 to oscillator (OSC)
80b. Potential V2 1s used 1n Hall elements 40a and 405 1n an
intermittent operation mode.

Regulator 60a supplies potentials VS, VC, and V3 to
magneto-resistive element 12 and processing circuit 10:m.

Processing unit 70 includes angle detection circuit 70a,
rotation number detection circuit 705, oflset-temperature-
characteristic correction circuit 70¢, and gain-temperature-
characteristic correction circuit 70d4. Oflset-temperature-
characteristic correction circuit 70¢ and gain-temperature-
C.
C.

naracteristic correction circuit 70d constitute temperature-
naracteristic correction circuit 70p.

Angle detection circuit 70a detects a rotation angle of
object magnet 142 from signal sin serving as a digital signal,
signal cos serving as a digital signal, and pulse signals S44qa
and S44b, and outputs signal Vout. Specifically, an arc-
tangent calculation 1s performed on signal sin and signal cos,
1.€., a value of signal cos 1s divided by a value of signal sin
to detect the rotation angle. Angle detection circuit 70a
outputs an angle signal indicating the detected rotation
angle.

Rotation number detection circuit 7056 detects the number
of rotations of object magnet 142 based on pulse signals
S44a and S44b6 by the method described below, and outputs
rotation-number information indicating the number of rota-
tions detected above.

Offset-temperature-characteristic correction circuit 70c¢
corrects, by, the method described later, a direct-current
(DC) ofiset which occurs 1n signal sin or signal cos due to,
¢.g. a variation in resistance of magneto-resistive element
12.

(Gain-temperature-characteristic correction circuit 70d
corrects, by the method described later, an ofiset of ampli-
tude which occurs 1n signal sin or signal cos due to a change
in temperature of magneto-resistive element 12. In other
words, a change 1n amplitude of signal sin or signal cos with
respect to a temperature 1s previously measured to obtain a
measured value. The measured value 1s stored 1n memory
80c¢ of detection circuit 10. Based on temperature informa-
tion corresponding to the temperature obtained from tem-
perature sensor 80d, the measured value stored 1n memory
80c¢ 15 read out. The measured value read out from memory
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80c 1s added to the amplitude of signal sin or signal cos.
Thus, the offset of amplitude which occurs 1n signal sin or
signal cos 1s corrected based on the temperature.

Oscillator 80a generates internal clock S80a to be used 1n
detection circuit 10. Internal clock S80a generated by oscil-
lator 80a 1s used for detection 1n magneto-resistive element
12 and Hall elements 40a and 405.

Oscillator 805 generates internal clock S805 to be used 1n
detection circuit 10.

The frequency of mternal clock S80b generated 1n oscil-
lator 805 1s lower than the frequency of internal clock S80q
generated 1n oscillator 80a.

Memory 80c¢ stores rotation-number information indicat-
ing the number of rotations measured by rotation number
detection circuit 705, and stores the measured value used for
correcting the ofiset due to a change in temperature.

FIG. 2A 1s a schematic view of rotation detecting device
150 including magnetic sensor 100. Rotation detecting
device 150 includes magnetic sensor 100, object magnet
142, rotation shait 144 to which object magnet 142 1s
attached, bearing 146 for supporting rotation shait 144, and
motor 158 for rotating rotation shait 144. Object magnet 142
1s made of magnetic material.

FIG. 2B 1s a schematic view of control system 300
including rotation detecting device 150. Control system 500
1s mounted on automobile 3500aq. Control system 500
includes steering wheel 152, steering shaft 154, torque
sensor 156, motor 158, magnetic sensor 100, and electrical
control unit (ECU) 160. ECU 160 1s connected to switch
160a. Switch 160q 1s an 1gnition switch. When automobile
500a moves, the 1gnition switch 1s turned on. When auto-
mobile 500a does not move, the 1gnition switch 1s turned off.
When a driver rotates steering wheel 152 to change a driving
direction of automobile 500qa, steering shait 154 coupled to
steering wheel 152 rotates 1n the same direction as the
direction 1n which steering wheel 152 rotates. Torque sensor
156 detects a relative rotational displacement between an
input shait and an output shait which 1s caused by the
rotation of steering wheel 152, and transmits an electric
signal according to the rotational displacement to ECU 160.
Motor 158 assisting steering wheel 152 and steering shaft
154 helps a dniver to change a direction of automobile 5004
with a light force. Magnetic sensor 100 attached to motor
158 detects a rotation angle of motor 158, thereby control-
ling motor 158.

As mentioned above, magnetic sensor 100 of rotation
detecting device 150 includes: bridge circuit WB1 including
magneto-resistive elements 12a to 124, amplifier 14a con-
nected to a midpoint (node 12ac) of bridge circuit WBI,
amplifier 145 connected to a midpoint (node 125d) of bridge
circuit WB1, differential amplifier 16a connected to ampli-
fiers 14a and 1454, oflset control circuit 15 connected to
amplifiers 14a and 145, and gain control circuit 17 con-
nected to differential amplifier 16a.

Analog-to-digital converter 18a¢ may be connected to
amplifiers 14a and 145.

Magnetic sensor 100 of rotation detecting device 150
includes bridge circuit WB1 including magneto-resistive
clements 12a to 124, bridge circuit WB2 including magneto-
resistive elements 12¢ to 12/, amplifier 14a connected to a
midpoint (node 12ac) of bridge circuit WB1, amplifier 1456
connected to a midpoint (node 1254) of bridge circuit WBI1,
amplifier 14d connected to a midpoint (node 12eg) of bridge
circuit WB2, amplifier 14¢ connected to a midpoint (node
12f2) of brnidge circuit WB2, differential amplifier 164
connected to amplifiers 14a and 145, differential amplifier
166 connected to amplifiers 144 and 14c¢, offset control
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circuit 15 connected to amplifiers 14a to 144, and gain
control circuit 17 connected to differential amplifiers 16a
and 165.

Analog-to-digital (AD) converter 18a may be connected
to amplifiers 14a and 145 via differential amplifier 16a. AD
converter 185 may be connected to amplifier 14¢ and
amplifier 144 via diflerential amplifier 165.

In rotation detecting device 150 including bridge circuit
WBI1 including magneto-resistive element 12, oflset of an
output of bridge circuit WB1 is corrected. By amplitying the
above-mentioned output with the corrected ofifset, the ampli-
tude thereotf 1s corrected.

In the correction mentioned above, the output with the
corrected amplitude may be converted into a digital signal.

FIG. 3 1s a flowchart showing an operation of magnetic
sensor 100 1n accordance with the embodiment. FIG. 3
shows an operation of magnetic sensor 100 detecting motion
of a steering while switch 160a serving as an 1gnition switch
1s turned on.

First, after magnetic sensor 100 1s activated (S300), 11
switch 160q 1s turned on (“YES” 1n S301), magnetic sensor
100 detects a rotation angle.

When switch 160a 1s turned on (“YES” 1n S301), mag-
netic sensor 100 detects the rotation angle based on a signal
output from magneto-resistive element 12 (8302). In mag-
netic sensor 100, one rotation of 360° 1s divided into four
quadrants at equal angular intervals of 90° to determine the
rotation angle. Based on the signals output from Hall ele-
ments 40a and 400, magnetic sensor 100 determines one
quadrant out of the four quadrants which includes a rotation
angle detected 1 Step S302, and detects the number of
rotations based on the signals output from Hall elements 404
and 4056 (S303). Magnetic sensor 100 transmits the rotation
angle and the number of rotations obtained 1n the above
calculation (8302, S303) to the outside.

FIG. 4 1s a flowchart of another operation of magnetic
sensor 100 1n accordance with the embodiment, and 1illus-
trates an operation of magnetic sensor 100 detecting motion
of a steering while switch 160a 1s turned off.

First, at time point tpl when switch 160a 1s turned off,
control system 500 inputs a control command signal to
magnetic sensor 100 (S401). When the control command
signal 1s mnput, magnetic sensor 100 1s shifted to the inter-
mittent operation mode (S402). When magnetic sensor 100
1s shifted to the intermittent operation mode 1 Step S402,
processing unit 70 detects rotation-number information (ab-
solute-angle information) indicating the number of rotations

serving as the latest absolute angle before magnetic sensor
100 1s shifted to the intermittent operation mode, and then
stores rotation-number information (S403). When the abso-
lute-angle information 1s stored i Step S403, processing
unit 70 stops supplying electric power to magneto-resistive
clement 12 and processing circuit 10z so as to deactivate
magneto-resistive element 12 and processing circuit 10m
(S404). After that, processing unit 70 detects only the
number of rotations of object magnet 142 based on the
signals output from Hall elements 40a and 405 (S405).
Processing unit 70 stores, in memory 80c¢, rotation-number
information indicating the number of rotations detected 1n
Step S405 (5406). Subsequently, 1f switch 160q 1s turned off
(“NO” 1n S407), processing unit 70 detects only the number
of rotations of object magnet 142 1 Steps S405 and S406
based on the signals output from Hall elements 40a and 405,
and then, stores the detected number of rotations of object
magnet 142 in memory 80c. In this way, when switch 160a
1s turned off (“NO” 1n S407), processing unit 70 detects only
the number of rotations of object magnet 142 based on the
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signals output from Hall elements 40a and 406 every
predetermined time 1n Steps S405 and S406, and then stores
the number of rotations ol object magnet 142 1n memory
80c. After time point tpl, 1t switch 160q 1s turned on 1n Step
S407 (“YES” 1 S407), control system 500 inputs a control
command signal to magnetic sensor 100 at time point tp2
when switch 160a 1s turned on (S408). Magnetic sensor 100
receives the control command signal to shift to normal mode
(5409). When magnetic sensor 100 1s transferred to the
normal mode 1 Step S409, processing unit 70 detects a
rotation angle of object magnet 142 based on signals output
from magneto-resistive element 12 (5410). Based on the
signals output from Hall elements 40a and 405, processing,
unmit 70 determines one quadrant out of the quadrants which
includes the detected rotation angle of object magnet 142
(S411). After that, processing unit 70 outputs the rotation-
number information and the absolute-angle information to
the outside, simultanecously. Herein, the above-mentioned
rotation-number information 1s obtained as a detection result
of the rotation angle and the quadrant of the rotation angle.
The above-mentioned absolute-angle information i1s stored
in Step S402 and indicates the last number of rotations
stored when the intermittent operation mode has been
started. The term “simultaneously” does not necessarily
mean that two outputs are output at the completely same
time, but may include the case where two outputs are output
substantially at the same time. In this way, in the intermittent
operation mode, magneto-resistive element 12 or processing
circuit 10 does not operate temporarily, thereby reducing
power consumption.

In the intermittent operation mode, internal clock S805
generated by oscillator 805 1s used for various operations of
detection circuit 10. The frequency of internal clock S805 1s
determined according to a cycle of operations in the inter-
mittent operation mode. The operation based on internal
clock S804 reduces the power consumption, and 1s highly
cllicient. Two oscillators 80a and 806 can observe (diagno-
s1s) oscillators 80a and 8056 from each other.

Rotation detecting device 150 used together with switch
160a detects rotation of rotation shaft 144 to which object
magnet 142 serving as a magnetic body 1s attached. Rotation
detecting device 150 includes magneto-resistive element 12
that outputs signals (signal sin, signal cos) related to dis-
placement of the magnetic body (object magnet 142), Hall
clement 40a (40b) that 1s disposed at a position facing the
magnetic body (object magnet 142) and outputs signals
(signals S44a and S445b) related to displacement of the
magnetic body (object magnet 142), and detection circuit 10
to which the above-mentioned signals (s1gnal sin, signal cos)
and the above-mentioned signals (signal Sd44a, S44b) are
input. Detection circuit 10 1s configured to output the
above-mentioned signals (signal sin, signal cos) when
switch 160q 1s turned on. At time point tpl when switch
160a 1s turned ofl, detection circuit 10 1s configured to detect
rotation-number information corresponding to the number
of rotations of rotation shaft 144 from the above-mentioned
signal (signal S44a, S44b). Detection circuit 10 1s config-
ured to store the rotation-number information. At time point
tp2 when switch 160a 1s turned on after time point tpl,
detection circuit 10 1s configured to output the stored rota-
tion-number 1nformation.

Detection circuit 10 may use pulse signal S44a obtained
by binarizing an output of Hall element 40a and use pulse
signal S44b obtained by binarizing an output of Hall element
405 to detect rotation-number information.

Detection circuit 10 may use the signals (signal sin, signal
cos) output from magneto-resistive element 12 to detect
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absolute-angle information indicating an angle of the mag-
netic body (object magnet 142) at time point tp2. In this
case, detection circuit 10 1s configured to output the stored
rotation-number information and the stored absolute-angle
information simultaneously.

Detection circuit 10 may include oscillator 80a generating
internal clock S80a, and oscillator 8056 generating internal
clock S8056 having a different frequency from internal clock
S80a.

When switch 160a 1s turned off, detection circuit 10 may
be configured to stop supplying a current supplied to oscil-
lator 80a and to continue to supply current to oscillator 805.

Detection circuit 10 may further include regulators 605
and 60c. Regulator 606 supplies potential V1 to oscillator
80a. Regulator 60c supplies potential V2 to oscillator 8054.

Detection circuit 10 may further include regulator 60a
supplying potential VS (VC) to magneto-resistive element
12.

Regulator 606 supplies potential V1 to Hall element 40a
(406) and oscillator 80a.

The frequency of internal clock S805 may be lower than
the frequency of iternal clock S80a.

Rotation detecting device 150 (magnetic sensor 100)
includes magneto-resistive element 12, Hall element 40a
(40H), and detection circuit 10 to which a signal from
magneto-resistive element 12 and a signal from Hall element
40a (40b) are input. Detection circuit 10 includes oscillator
80a generating internal clock S80a, regulator 605 supplying
potential V1 to oscillator 80a, oscillator 805 generating
internal clock S80b, regulator 60c¢ supplying potential V2 to
oscillator 805, and regulator 60a supplying potential VS
(VC) to magneto-resistive element 12.

Regulator 606 may supply potential V1 to Hall element
40a (405) and oscillator 80a.

Detection circuit 10 may process the signal from mag-
neto-resistive element 12 and the signal from Hall element
40a (40b) based on mternal clock S80a. Detection circuit 10
may process the signal from Hall element 40a (405) based
on internal clock S805.

Rotation detecting device 150 includes magneto-resistive
clement 12, Hall element 40a (405), and detection circuit 10
to which a signal from magneto-resistive element 12 and a
signal from Hall element 40a (405) are input. Detection
circuit 10 includes oscillators 80a and 8056. Oscillator 80a
generates internal clock S80a. Oscillator 805 generates
internal clock S805 having a diflerent frequency from inter-
nal clock S80a.

FIG. 5 shows an operation of magnetic sensor 100 for
detecting a rotation angle of object magnet 142 by using Hall
clements 40q and 405, and particularly shows signal S40a
and S4056 output from Hall elements 40a and 4056. In FIG. 5,
the vertical axis represents values of signal S40a and S405,
and the horizontal axis represents a rotation angle of object
magnet 142. FIG. 5§ shows quadrants including the rotation
angle of object magnet 142. Rotation angles of object
magnet 142 ranging from 0° to 90° are included 1n the first
quadrant. Rotation angles of object magnet 142 ranging
from 90° to 180° are included in the second quadrant.
Rotation angles of object magnet 142 ranging from 180° to
2'70° are included 1n the third quadrant. Rotation angles of
object magnet 142 ranging from 270° to 360° are included
in the fourth quadrant.

The signals obtained from the magneto-resistive elements
have sine and cosine waves of angles which are twice
rotation angle 0 of the object magnet. Therefore, a magnetic
sensor equipped with only one magneto-resistive element
can only detect an angle ranging from 0° to 180°. In such a
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magnetic sensor, for example, signals at 90° and 270° cannot
be distinguished from each other since these angles corre-
spond to the same signal.

On the other hand, as shown in FIG. S5, the signals
obtained 1 a Hall element typically have sine and cosine
waves ol angles 1dentical to rotation angle 0 of an object.
Accordingly, a magnetic sensor equipped with a Hall ele-
ment can detect an angle ranging from 0° to 360°.

Magnetic sensor 100 according to the embodiment
includes a combination of a magneto-resistive element and
a Hall element. Thus, a rotation angle of object magnet 142
1s detected 1n a range of 0° to 360°.

FIG. 6 shows an operation of detection circuit 10 in which
cach magneto-resistive element detects a rotation angle of
object magnet 142 while switch 160q 1s turned off. FIG. 6
shows signal sin+ and signal sin— output from bridge circuit
WB1, signal cos+ and signal cos— output from bridge circuit
WB2, and signal sin and signal cos output from AD con-
verters 18a and 186 which are connected to differential
amplifiers 16a and 165, respectively. In FIG. 6, a vertical
axis represents a value of each of the signals, and a hori-
zontal axis represents a rotation angle of object magnet 142.
FIG. 6 turther shows angle signal S70a output from angle
detection circuit 70a, pulse signals S44a and S445 output
from comparators 44a and 44b, and a quadrant including
rotation angle 0 of object magnet 142.

Comparators 44a and 445 generate pulse signals S44a and
44H by binanizing signals from Hall elements 40a and 405,
1.€., by comparing signals from Hall elements 40a and 405
with threshold S0 to convert the signals into binary signals.
When values of signals S40a and S405 are more than or
equal to threshold S0, pulse signals S44a and 445 each have
a value at a high level serving as an active level. When
values of signals S40aq and S4056 are less than threshold S0,
pulse signals S44a and 445 each have a value at a low level
serving as an inactive level.

Based on pulse signals S44a and S44b for quadrant
determination, pulse signals S44a and S44b are configured
to have one pulse for one rotation and can count four
quadrants 1n the one rotation. Specifically, at the time of rise
and fall of pulse signal S44q, the number of pulse signals
S44a or the number of pulse signals S446 1s counted
according to a state of pulse signal S44b5. A method of
calculating the number of rotations of object magnet 142
will be described below.

In accordance with the embodiment, when rotation angle
0 ranges from 00 to 45° or from 225° to 360°, a value of
pulse signal S44q 1s at the high level. When rotation angle
0 ranges from 45° to 225°, the value of pulse signal S44a 1s
at the low level. When rotation angle 0 ranges from 0° to
135° or from 315° to 360°, a value of pulse signal S445b 1s
at the high level. When rotation angle 0 ranges from 135° to
315°, the value of pulse signal S44b 1s at the low level.
While object magnet 142 rotates in normal rotation direction
DA, pulse signal S44q falls down at a rotation angle 0 of 45°,
and pulse signal S44a rises up at a rotation angle 0 of 225°.
Similarly, while object magnet 142 rotates 1n normal rotation
direction D1, pulse signal S445b falls down at a rotation angle
0 of 135°, and pulse signal S445b rises up at a rotation angle
0 of 315°. On the other hand, while object magnet 142
rotates 1n reverse rotation direction Dr, pulse signal Sd44a
rises up at a rotation angle 0 of 45°, and pulse signal S44a
falls down at a rotation angle 0 of 225°. Similarly, while
object magnet 142 rotates in reverse rotation direction Dir,
pulse signal S44b rises up at a rotation angle 0 of 135°, and
pulse signal S445b falls down at a rotation angle 0 of 315°.
Accordingly, when rotation angle 0 becomes 45° or 225° at
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which the value of pulse signal S44a 1s changed, rotation
number detection circuit 705 determines the rotation direc-
tion.

Object magnet 142 rotates 1n two directions 1.e¢., normal
rotation direction DI and reverse rotation direction Dr oppo-
site to normal rotation direction DI. When the value of pulse
signal S44a changes, rotation number detection circuit 705
of processing unit 70 detects the rotation direction and the
number of rotations of object magnet 142 based on the value
of pulse signal S44b and the change of the value of pulse
signal S44a.

Specifically, 1n accordance with the embodiment, rotation
number detection circuit 706 will determine that object
magnet 142 rotates 1n normal rotation direction DI by one
rotation 1f detecting that the value of pulse signal S445 1s at
the low level at the time when the value of pulse signal S44a4
rises to change from the low level to the high level, and
subsequently, the value of pulse signal S445 1s at the high
level at the time when the value of pulse signal S44q falls to
change from the high level to the low level, and subse-
quently, the value of pulse signal S445b 1s at the low level at
the time when pulse signal S44qa rises.

Rotation number detection circuit 705 determines that
object magnet 142 rotates 1n reverse rotation direction Dr by
one rotation 1f detecting that: the value of pulse signal S4456
1s at the high level at the time when pulse signal S44a rises,
and subsequently, the value of pulse signal S445b 1s at the low
level at the time when pulse signal S44q falls down, and
subsequently, the value of pulse signal S445 1s at the high
level at the time when pulse signal S44a rises.

The rotation angle between object magnet 142 and motor
158 rotating while switch 160a i1s turned off can thus be
detected precisely with low electric power at the time when
switch 160q 1s turned on again.

Processing unit 70 of magnetic sensor 100 has an active
correction mode and a passive correction mode. The active
correction mode 1s an auto-calibration mode for correcting
signal sin and signal cos output from magneto-resistive
clement 12 via processing circuit 10z. The passive correc-
tion mode 1s a temperature-characteristic correction mode.

First, an operation of the passive correction mode will be
described.

Memory 80c¢ stores formulas indicating a relation between
temperature and offset included i each of signal sin and
signal cos output from magneto-resistive element 12 via
processing circuit 10m. In accordance with the embodiment,
memory 80c¢ stores coeflicients of polynomial function that
approximate the relation between the temperature and the
oflset included 1n each of signal sin and signal cos. Memory
80c¢ further stores formulas indicating a relation between
temperature and amplitude of each of signal sin and signal
cos converted into digital signals. In accordance with the
embodiment, memory 80c¢ stores coeflicients of polynomial
function that approximate the relation between the tempera-
tures and the amplitude of each of signal sin and signal cos
converted 1nto digital signals.

Temperature sensor 80d outputs temperature information
which 1s a digital signal corresponding to temperature.
Offset-temperature characteristic correction circuit 70c¢ per-
forms arithmetic processing based on temperature informa-
tion mnput from temperature sensor 804 and the coellicients
of relation function between the oflset and the temperature
stored 1n memory 80c. Thus, a change in the offset of each
of signal sin and signal cos which depends on temperature
1s corrected.

Gain-temperature-characteristic  correction circuit 70d
performs arithmetic processing based on temperature infor-
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mation mput from temperature sensor 80d and the coelli-
cients of relation function between amplitude and tempera-
ture stored in memory 80c. Thus, a change in amplitude of
cach of signal sin and signal cos which depends on tem-
perature 1s corrected.

Next, the active correction mode will be described.

In the active correction mode, automatic correction circuit
70e generates and updates a correction value for correcting
the oflset and the amplitude of each of signal sin and signal
cos output from magneto-resistive element 12 via processing
circuit 10m. Automatic correction circuit 70e thus updates
the correction value every one rotation of object magnet 142.
Based on the updated correction value, signal sin and signal
cos are corrected such that signal sin and signal cos con-
tinuously have a fixed midpoint and fixed amplitude.

FIG. 7A shows an operation of detection circuit 10 1n the
active correction mode.

Processing unit 70 determines whether processing unit 70
1s 1n the active correction mode or not (8702). In the active
correction mode (*“Yes™ 1n step S702), automatic correction
circuit 70e of processing unit 70 stores maximum value
Vmax1l and minimum value of signal sin output from
magneto-resistive element 12 via processing circuit 10m,
and stores maximum value Vmax2 and minimum value
Vmin2 of signal cos output from magneto-resistive element
12 via processing circuit 10m (S703). After that, automatic
correction circuit 70e determines whether object magnet 142
rotates by one rotation or not (S704). When determining that
object magnet 142 rotates by one rotation i step S704
(“Yes” 1n step S704), automatic correction circuit 70e per-
forms the calculation of (Vmax1+Vminl)/2 to generate and
update the correction value for correcting the oflset of signal
sin. Further, automatic correction circuit 70e performs the
calculation of (Vmax2+Vmin2)/2 to generate and update the
correction value for correcting the oflset of signal cos. At the
same time, automatic correction circuit 70e performs the
calculation of (Vmax1-Vminl) to update the correction
value for correcting the amplitude of signal sin. Further,
automatic correction circuit 70e performs the calculation of
(Vmax2-Vmin2) to update the correction value for correct-
ing the amplitude of signal cos (S705). After that, the stored
maximum values Vmax1l and Vmax2 and the stored mini-
mum values Vminl and Vmin2 are reset to zero (S706).
Subsequently, processing unit 70 determines, in step S702,
whether processing unit 70 1s in active correction mode or
not.

Based on the updated oflset and amplitude, signal sin and
signal cos are corrected until object magnet 142 completes
the next one rotation.

When 1t 1s determined that object magnet 142 does not
rotate by one rotation i step S704 (*No” i step S704),
processing unit 70 determines, 1n step S702, whether pro-
cessing unit 70 1s 1n the active correction mode or not.

In the active correction mode (“Yes” in step S702),
automatic correction circuit 70e continues to store the maxi-
mum values Vmax1l and Vma2 and the minimum values
Vminl and Vmin2 until object magnet 142 completes the
next one rotation. Since that time, the same operation as step
S703 1s repeated. Automatic correction circuit 70e continues
to store the maximum values Vmax1l and Vma2 and the
minimum values Vminl and Vmin2 during the one rotation
until object magnet 142 completes the next one rotation.

If processing unit 70 1s not 1n the active correction mode
(“No” 1n step S702), processing unit 70 does not perform the
process shown 1n FIG. 7A.

Rotation number detection circuit 705 determines
whether object magnet 142 rotates by one rotation or not
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based on the pulse signals S44a and S44H by the above-
mentioned method at the time when the value of rotation
angle 0 output from angle detection circuit 70a 1s jumped to
0° from 3600 (normal rotation direction D) or at the time
when the value of rotation angle 0 1s jumped to 360° from
0° (reverse rotation direction Dr). When a direction (normal
rotation direction DI or reversal direction Dr) of the rotation
1s different from the latest determination, rotation number
detection circuit 706 determines that object magnet 142 does
not rotate by one rotation, and automatic correction circuit
70e does not update the correction values of the offset and
amplitude of signal sin and signal cos. The operation will be
detailed below.

FIG. 7B and FIG. 7C are schematic diagrams 1llustrating,
an operation correcting rotation angle 0 detected by rotation
number detection circuit 706 1n the active correction mode.
In FIG. 7B and FI1G. 7C, the vertical axis represents a value
of rotation angle 0 of object magnet 142 calculated 1n angle
detection circuit 70a, and a horizontal axis represents time.

In the operation shown i FIG. 7B, object magnet 142
rotates 1 normal rotation direction DI over a period from
betfore time point t0 until after time point t13. According to
this rotation, rotation angle 0 output from rotation number
detection circuit 706 increases at time point t0. Rotation
angle 0 reaches 360° and jumps to 0° at time point t11, and
then, starts increasing. Rotation angle 0O starts increasing
from 0° at time point t11, and then, reaches 360° and jumps
to 0° at time point t12, and then starts increasing again.
Rotation angle O starts increasing from 0° at time point t12.
Rotation angle 0 reaches 360° and jumps to 0° at time point
t13, and then, starts increasing again. As mentioned above,
based on pulse signals S44a and S44bH, rotation number
detection circuit 706 determines that object magnet 142
rotates by one rotation 1n normal rotation direction DI before
cach of time points t11, t12, and t13. When determining that
object magnet 142 rotates 1n the same direction as the
last-time determination, 1.e., normal rotation direction Df,
automatic correction circuit 70e updates correction values of
oflset and amplitude of each of signal sin and signal cos at
time points t12 and t13. At time point t11 when the rotation
direction 1s not determined, automatic correction circuit 70e
does not update the correction values of the offset and
amplitude each of signal sin and signal cos.

Similarly, when the rotation direction determined last
time 1s the reverse rotation direction and the rotation direc-
tion determined at this time 1s the reverse rotation direction,
automatic correction circuit 70e determines that object mag-
net 142 rotates by one rotation, and updates the correction
values.

In the operation shown 1 FIG. 7C, object magnet 142
rotates 1n normal rotation direction DI from before time
point t0 until time point t21p through time point 121, and
rotates 1n reverse rotation direction Dr from time point 21p
until time point t23p through time points t22 and t23. Then,
object magnet 142 rotates 1n normal rotation direction DI
from time point t23p until after 24. In the operation, the
rotation direction in which object magnet 142 1s rotated
changes at time points t21p and t23p. According to the
rotation, rotation angle 0 output from rotation number
detection circuit 705 1increases at time point t0. At time point
t21, rotation angle 0 reaches 360° and jumps to 0°, and then
starts increasing. Rotation angle 0O starts increasing from 0°
at time point t21. At time point 121p, rotation angle 0 reaches
180°, and then starts decreasing. Rotation angle 0 starts
decreasing from 180° at time point 21p. At time point 122,
rotation angle 0 reaches 0° and jumps to 360°, and then starts
decreasing again. Rotation angle 0 starts decreasing from
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360° at time point 122. At time point 123, rotation angle O
reaches 0° and jumps to 360°, and then starts decreasing
again. Rotation angle 0 starts decreasing from 360° at time
point t23. At time point t23p, rotation angle 0 reaches 270°,
and then starts increasing from 270°. Rotation angle 0O starts
increasing from 270° at time point 23p. At time point t24,
rotation angle 0 reaches 360° and jumps to 0°, and then starts
increasing again. As mentioned above, based on pulse
signals S44a and S44b, rotation number detection circuit

706 determines that object magnet 142 rotates by one
rotation 1n reverse rotation direction Dr before each of time
points 122 and t23. When 1t 1s determined that object magnet
142 rotates 1n the same direction as the last time determi-
nation, 1.e., reverse rotation direction Dr, automatic correc-
tion circuit 70e updates the correction values of the oflset
and amplitude of each of signal sin and signal cos at time
point 123.

As shown 1n FIG. 7C, the rotation direction at time point
t21 1n the last time determination 1s normal rotation direction
Dif, and a rotation direction at time point t22 1n this time
determination 1s reverse rotation direction Dr. In this case,
automatic correction circuit 70e determines that object mag-
net 142 does not rotate by one rotation, and does not update
the correction values.

After that, 1n the case where the rotation direction at time
point 122 1n the last time determination 1s reverse rotation
direction Dr and a rotation direction at time point t23 1n this
time determination 1s reverse rotation direction Dr, auto-
matic correction circuit 70e determines that object magnet
142 rotates by one rotation, and updates the correction
values.

After that, in the case where the rotation direction at time
point 123 in the last time determination 1s reverse rotation
direction Dr and a rotation direction at time point t24 1n this
time determination 1s normal rotation direction D{f, auto-
matic correction circuit 70e determines that object magnet
142 does not rotate by one rotation, and does not update the
correction values.

When not updating the correction values, automatic cor-
rection circuit 70e does not necessarily generate a correction
value.

The correction values are updated 1n the configuration
even when the oflset and amplitude of each of signal sin and
signal cos from magneto-resistive element 12 change with
respect to time. This operation maintains the offset and
amplitude constant. At the same time, even when object
magnet 142 rotates 1n both directions, 1.e., normal rotation
direction D1t and reverse rotation direction Dr, oflset can be
updated correctly.

Magnetic sensor 100 does not preferably operate 1n the
passive correction mode when operating 1n the active cor-
rection mode. Magnetic sensor 100 does not preferably
operate 1n the active correction mode when operating in the
passive correction mode. In another expression, magnetic
sensor 100 switches between the active correction mode and
the passive correction mode to operate. In the configuration,
while magnetic sensor 100 operates 1n the active correction
mode, signal sin and signal cos are corrected with respect to
all of temporal changes including temperature characteris-
tics. Therefore, magnetic sensor 100 does not necessarily
operate 1n the passive correction mode. On the other hand,
in the active correction mode, the correction values are not
updated until object magnet 142 rotates by one rotation.
Accordingly, 1n the case where object magnet 142 does not
rotate by one rotation, if the offset and the amplitude are
changed largely during the rotation of object magnet 142,




US 10,759,276 B2

17

magnetic sensor 100 operate more preferably 1n the passive
correction mode than 1n the active correction mode.

In the active correction mode, both the oflset and ampli-
tude of the signal are corrected, but not limited to this. At
least one of the oflset and amplitude may be corrected, 1.e.,
only the oflset out of the oflset and amplitude may be
corrected, or only the gain out of the oflset and amplitude
may be corrected.

In description of the active correction mode and the
passive correction mode, signal sin and signal cos from
magneto-resistive element 12 are corrected, but not limited
to this. As long as being a magnetic detection element for
detecting a magnetic field from object magnet 142 and
outputting signal sin and signal cos according to the rotation
ol object magnet 142, magneto-resistive element 12 1s not
necessarily made ol magneto-resistive material. In other
words, the active correction mode and the passive correction
mode can be used for correcting signal sin and signal cos of
the magnetic detection element.

As mentioned above, rotation detecting device 150 (mag-
netic sensor 100) for detecting rotation of an object (object
magnet 142) includes magnetic detection elements (mag-
neto-resistive elements 12a and 12¢) that output signal sin,
magnetic detection elements (magneto-resistive elements
12¢ and 12f) that output signal cos, and detection circuit 10
to which signal sin and signal cos are input. Detection circuit
10 includes automatic correction circuit 70e that performs
generation and update of correction values to correct signal
sin and signal cos. Automatic correction circuit 70e 1s
configured to stop the generation or the update of correction
values 1n at least one of the case where a rotation direction
of the object (object magnet 142) changes from normal
rotation direction DI to reverse rotation direction Dr, or the
case where a rotation direction of the object (object magnet
142) changes from reverse rotation direction Dr to normal
rotation direction DT.

Detection circuit 10 may further include angle detection
circuit 70a that outputs an angle signal indicating the
rotation angle of the object (object magnet 142) based on
signal sin and signal cos. In this case, a rotation direction 1n
which an angle of the angle signal changes to 0° from 360°
1s normal rotation direction D1. A rotation direction 1n which
an angle of the angle signal changes to 360° from 0° is
reverse rotation direction Dr.

Signal sin 1s a sine wave signal, and signal cos 1s a sine
wave signal. Detection circuit 10 may further include angle
detection circuit 70a that performs an are tangent calculation
on signal sin and signal cos to obtain the angle signal. In this
case, a rotation direction in which an angle of the angle
signal changes to 0° from 360° 1s normal rotation direction
Df, and a rotation direction 1n which the angle changes from
0° to 360° 1s reverse rotation direction Dr.

Detection circuit 10 may further include temperature-
characteristic correction circuit 70p that corrects at least one
of the amplitude and ofiset of each of signal sin and signal
cos according to the temperature. In this case, detection
circuit 10 has an active correction mode 1n which automatic
correction circuit 70e corrects signal sin and signal cos
without temperature-characteristic correction circuit 70p,
and a passive correction mode in which temperature-char-
acteristic correction circuit 70p corrects signal sin and signal
cos without automatic correction circuit 70e. Detection
circuit 10 1s configured to switch between the active cor-
rection mode and the passive correction mode.

Detection circuit 10 may further include temperature
sensor 80d that detects temperature, and memory 80c¢ that
stores plural values of the offset of signal sin each corre-
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sponding to respective one of plural values of the tempera-
ture. In this case, temperature-characteristic correction cir-
cuit 70p adds a value of the offset corresponding to a value
ol the detected temperature out of the stored plural values of
the offset to signal sin.

Memory 80c may store plural values related to the offset
of the differential signal each corresponding to respective
one of plural values of the temperature. In this case, tem-
perature-characteristic correction circuit 70p adds a value
related to the offset corresponding to a value of the detected
temperature out of the stored plural values related to the
oflset to signal sin.

Memory 80c¢ may store plural values related to the ampli-
tude of signal sin each corresponding to respective one of
plural values of the temperature. In this case, temperature-
characteristic correction circuit 70p adds, to signal sin, a
value related to the amplitude corresponding to a value of
the detected temperature out of the stored plural values
related to the amplitude.

Memory 80c¢ may store plural values related to the ampli-
tude of the differential signal each corresponding to respec-
tive one of plural values of the temperature. In this case,
temperature-characteristic correction circuit 70p adds, to
signal sin, a value related to the amplitude corresponding to
the detected value of the temperature out of the stored plural
values related to the amplitude.

The magnetic detection elements (magneto-resistive ele-
ments 12a and 12¢) and the magnetic detection elements
(magneto-resistive elements 12¢ and 12/) may contain mag-
neto-resistive material.

Rotation detecting device 150 (magnetic sensor 100) that
detects rotation of the object (object magnet 142) includes
magnetic detection elements (magneto-resistive elements
12a and 12¢) that output signal sin, magnetic detection
clements (magneto-resistive elements 12¢ and 12f) that
output signal cos, and detection circuit 10 to which signal sin
and signal cos are input. Detection circuit 10 includes
temperature-characteristic correction circuit 70p that cor-
rects at least one of amplitude and offset of each of signal sin
and signal cos according to the temperature, and automatic
correction circuit 70e that performs generation and update of
correction values to correct signal sin and signal cos.

Detection circuit 10 may further include angle detection
circuit 70a that outputs an angle signal indicating an angle
of the object (object magnet 142) based on signal sin and
signal cos.

When the angle indicated by the angle signal changes to
0° from 360° again aiter changing to 0° from 360°, or when
the angle indicated by the angle signal changes to 360° from
0° again after changing to 360° from 0°, automatic correc-
tion circuit 70e may perform at least one of the generation
and the update of the correction values.

When temperature-characteristic correction circuit 70p
operates, automatic correction circuit 70e does not neces-
sarily operate.

Rotation detecting device 150 including the magnetic
detection eclements (magneto-resistive elements 12a and
12¢) and the magnetic detection elements (magneto-resistive
clements 12¢ and 12/) and detecting rotation of the object
(object magnet 142) corrects signals by the method below.
According to the rotation of the object (object magnet 142),
signal sin and signal cos are obtained from the magnetic
detection elements (magneto-resistive elements 12q¢ and
12¢) and the magnetic detection elements (magneto-resistive
clements 12¢ and 12f), respectively. Signal sin, signal cos,
and a correction value for correction are generated and
updated. Rotation detecting device 150 detects that the
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rotation direction of the object (object magnet 142) changes
to reverse rotation direction Dr from normal rotation direc-
tion DI or that the rotation direction of an object (object
magnet 142) changes to normal rotation direction Di from
reverse rotation direction Dr. When detecting that the rota-
tion direction of the object (object magnet 142) changes to
reverse rotation direction Dr from normal rotation direction
D1 or that the rotation direction of the object (object magnet
142) changes to normal rotation direction Dif from reverse
rotation direction Dr, rotation detecting device 150 stops the
above-mentioned operation i.e., the generation and the
update of correction values.

The angle signal indicating an angle of the object (object
magnet 142) may be obtained from signal sin and signal cos.
In this case, a direction in which the angle indicated by the
angle signal changes to 0° from 360° 1s defined as normal
rotation direction DI. A direction 1n which the angle changes
from 0° to 360° 1s defined as reverse rotation direction Dr.

FIG. 8 1s a block diagram of another magnetic sensor
100a 1n accordance with the embodiment. In FIG. 8, com-
ponents 1dentical to those of magnetic sensor 100 shown in
FIGS. 1A and 1B are denoted by the same reference numer-
als. Magnetic sensor 100aq includes detection circuit 10a
mounted on substrate 10p 1nstead of detection circuit 10 of
magnetic sensor 100 shown in FIG. 1A. Detection circuit
10a further includes diagnostic circuits 90 and 91, switches
1104 and 11054, and resistors 112a and 1124.

End 12a-2 of magneto-resistive element 12a and end
126-1 of magneto-resistive element 1256 are connected to
potential VS (see FIG. 1B). End 12¢-2 of magneto-resistive
clement 12¢ and end 124-1 of magneto-resistive element
124 are connected to ground GND (see FIG. 1B). End 12a-1
of magneto-resistive element 12a 1s connected to detection
circuit 10a via wiring 100a1. End 125-2 of magneto-resis-
tive element 126 1s connected to detection circuit 10a via
wiring 10042. End 12¢-1 of magneto-resistive element 12¢
1s connected to detection circuit 10a via wiring 100a3. End
124-2 of magneto-resistive element 124 1s connected to
detection circuit 10a via wiring 100a4.

Inside detection circuit 10a, wiring 100a1 and 100a3 are
connected to each other at node 12acl. Inside detection
circuit 10a, end 12a-1 of magneto-resistive element 12a and
end 12¢-1 of magneto-resistive element 12¢ are connected to
cach other at node 12acl via wirings 100al1 and 100a3.
Node 12ac1 constitutes a midpoint of bridge circuit WB1. A
signal at node 12acl 1s mput to amplifier 145 to be ampli-
fied, and then, mput to differential amplifier 16a4.

Inside detection circuit 10a, wirings 10042 and 1004 are
connected to each other at node 12b6d1. Inside detection
circuit 10a, end 125-2 of magneto-resistive element 126 and
end 124-2 of magneto-resistive element 124 are connected
to each other at node 12641 via wirings 10042 and 100a4.
Node 12bd1 constitutes another midpoint of bridge circuit
WBI1. A signal at node 125641 1s input to amplifier 14a to be
amplified, and then, mput to differential amplifier 16a4.

End 12¢-2 of magneto-resistive element 12¢ and end
12/-1 of magneto-resistive element 12f are connected to
potential VC (see FIG. 1B). End 12g-2 of magneto-resistive
clement 12¢ and end 12/2-1 of magneto-resistive element
12/ are connected to ground GND (see FIG. 1B). End 12e-1
of magneto-resistive element 12¢ 1s connected to detection
circuit 10aq via wiring 10051. End 12/-2 of magneto-resistive
clement 12/1s connected to detection circuit 10a via wiring
10062. End 12g-1 of magneto-resistive element 12g 1s
connected to detection circuit 10a via wiring 10053. End
1272-2 of magneto-resistive element 12/ 1s connected to
detection circuit 10a via wiring 10054,
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End 12e-1 of magneto-resistive element 12¢ 1s connected
to detection circuit 10a via wiring 100561. End 12/-2 of
magneto-resistive element 12/ i1s connected to detection
circuit 10a via wiring 100562. End 12¢-1 of magneto-resis-
tive element 12g 1s connected to detection circuit 10a via
wiring 100563. End 12/-2 of magneto-resistive element 12/
1s connected to detection circuit 10a via wiring 10054,

Inside detection circuit 10a, wirings 100561 and 100563 are
connected to each other at node 12egl. Inside detection
circuit 10a on substrate 10p, end 12¢-1 of magneto-resistive
clement 12¢ and end 12g-1 of magneto-resistive element
12g are connected to each other at node 12egl via wirings
100561 and 200563. Node 12egl1 constitutes a midpoint of
bridge circuit WB2. A signal at node 12egl 1s imput to

amplifier 144 to be amplified, and then, input to ditferential
amplifier 165b.

Inside detection circuit 10a, wirings 100562 and 100564 are
connected to each other at node 12721. Inside detection
circuit 10a, end 12/-2 of magneto-resistive element 12/ and
end 12/-2 of magneto-resistive element 12/ are connected
to each other at node 12f21. Node 12//21 constitutes another
midpoint of bridge circuit WB2. A signal at node 12f721 1s
input to amplifier 14¢ to be amplified, and then, input into
differential amplifier 165.

Wirings 100a1 to 100e4 and wirings 10051 to 100564 are
bonding wires, such as metal wires emploved for wire
bonding.

Magnetic sensor 100a can detect disconnection of wirings
10041 to 100a4 and wirings 10051 to 10054 which connect
detection circuit 10a to magneto-resistive element 12. The

operation will be described below.

In a normal operation, 1.e., when none of wirings 100al
to 100a4 and 10051 to 10064 are disconnected, the poten-
tials of nodes 12acl 12bd1, 12eg1, and 12//21 being signals
output from magneto-resistive element 12 are substantially
equal to potentials of the midpoints. As a result, outputs of
amplifiers 14a to 144, differential amplifiers 16a and 165,
and AD converter 18a are substantially equal to the poten-
tials of the midpoints. On the other hand, 1f a wiring out of
wirings 100a1 to 100q4 and wirings 10051 to 100564 1s
disconnected, a node out of nodes 12acl, 125641, 12e¢1, and
12/721 connected to the disconnected wiring becomes either
one of potential VS, potential VC, or a ground potential.
Potential VS and potential VC are fixed potentials. Accord-
ingly, the outputs of amplifiers 14a to 14d, diflerential
amplifiers 16a and 165, and AD converters 18a and 185 are
fixed to have either one of potential VS, potential VC, or the
ground potential, which are fixed potential. As a result, when
detecting that the output of AD converter 18a or AD
converter 185 deviates from a predetermined normal opera-
tion range, diagnostic circuit 90 determines that magnetic
sensor 100q 1s 1n an abnormal operation, and then, outputs
an abnormal signal. This configuration can detect the dis-
connection of wirings connecting magneto-resistive element
12 to detection circuit 10a.

When detecting that the output of differential amplifier
16a or 165b, rather than AD converter 18a or 1856, deviates
from the predetermined normal operation range, diagnostic
circuit 90 determines that magnetic sensor 100q 1s 1n an
abnormal operation, and may output an abnormal signal.

Bridge circuit WB1 constituted by magneto-resistive ele-
ments 12a to 125, and bridge circuit WB2 constituted by
magneto-resistive elements 12¢ to 12/ are provided on
substrate 12p. Detection circuit 10q 1s provided on substrate
10p. The midpoints constituted by nodes 12acl and 12541
of bridge circuit WB1 are provided on substrate 10p. The
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midpoints constituted by nodes 12eg1 and 12/21 of bridge
circuit WB2 are provided on substrate 10p.

Magnetic sensor 100a can detect abnormalities 1n resis-
tances of magneto-resistive element 12. The operation will
be described below.

Switch 110a has common end 11043, and branch ends
11041 and 110a2. Switch 110a can connect common end
110a3 electively or exclusively to branch end 110aq1 and
branch end 11042. Common end 110a3 of switch 110a 1s
directly connected to node 12ab of magneto-resistive ele-
ment 12. Branch end 11041 1s directly connected to regulator
60a. Branch end 11042 1s connected to regulator 60a
through resistor 112a. Resistor 112a 1s connected in series
with branch end 11042 and regulator 60a. By disconnecting
common end 110a3 of switch 110a from branch end 110a2
and connecting common end 110a3 to branch end 110al,
switch 110a constitutes current path 1121 that supplies
potential VS to magneto-resistive element 12. By discon-
necting common end 110a3 of switch 110a from branch end
11041 and connecting common end 110a3 to branch end
11042, switch 110a constitutes current path 11242 that
supplies potential VS to magneto-resistive element 12. Cur-
rent path 11242 has a larger resistance than current path

112a1.

Switch 1105 has common end 110563 and branch ends
11051 and 11062. Switch 11056 can connect common end
110563 selectively or exclusively to branch end 11051 and
branch end 11052. Common end 110563 of switch 1105 1s
directly connected to node 12e¢f of magneto-resistive ele-
ment 12. Branch end 110541 1s directly connected to regulator
60a. Branch end 11062 1s connected to regulator 60a
through resistor 1126. Resistor 11256 1s connected 1n series
with branch end 11062 and regulator 60a. By disconnecting
common end 11063 of switch 1105 from branch end 110562
and connecting common end 110563 to branch end 11051,
switch 1106 constitutes current path 11251 that supplies
potential VC to magneto-resistive element 12. By discon-
necting common end 110563 of switch 1105 from branch end
11051 and connecting common end 110563 to branch end
110562, switch 1105 constitutes current path 11262 that
supplies potential VS to magneto-resistive element 12. Cur-
rent path 112562 has a larger resistance than current path
11251.

Switches 110a and 11056 can switch a state of magneto-
resistive element 12 between a state where magneto-resis-
tive element 12 1s connected to regulator 60a of detection
circuit 10a through resistors 112q and 1125 and a state where
magneto-resistive element 12 1s directly connected to regu-
lator 60a without through resistors 1124 and 11256. In the
normal operation, 1.¢., when no abnormalities are detected in
the resistances of magneto-resistive element 12, switches
110a and 1105 select current path 11241 and 112561 in which
magneto-resistive element 12 1s directly connected to regu-
lator 60a. When the resistances of magneto-resistive ele-
ment 12 are diagnosed, switches 110a and 11056 select
current path 112a2 and 11262 1n which magneto-resistive
clement 12 i1s connected to regulator 60a through resistors
112a and 112b6. Diagnostic circuit 91 1s connected to regu-
lator 60a, and measures a voltage across both ends of each
of resistors 112a and 1125 or currents 112a and 1125 tlowing
through resistors 112a and 11256. If magneto-resistive ele-
ment 12 has a normal resistance and wirings supplying
potential VS and VC are not disconnected, currents 11124
and 11125 flowing through resistors 112aq and 1125 1s within
a predetermined normal range. If a fault occurs 1n magneto-
resistive element 12 to cause abnormalities 1n resistance, or
if the wirings supplying potential VS and VC 1s discon-
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nected, currents 112¢ and 1126 flowing through resistors
112a and 1126 deviate from the predetermined normal
range. When currents 112a and 1126 deviate from the
normal range, diagnostic circuit 91 determines that abnor-
malities occur, and outputs an abnormal signal. With the
configuration, abnormalities 1n resistance of magneto-resis-
tive element 12 and disconnection of wirings for supplying
potential VS and VC can be detected. Even when sheet
resistance of magneto-resistive element 12 changes, 1.e.,

resistance of four magneto-resistive elements which consti-
tute bridge circuits WB1 and WB2 changes by the same
amount at the same time, abnormalities can be detected
based on currents 1124 and 1125, as mentioned above.

The period of time when current path 11242 connected to
regulator 60a through resistor 112a 1s elected, 1.e., when
bridge circuit WB1 1s diagnosed 1s preferably different from
a period of time when current path 11262 connected to
regulator 60a through resistor 1125 1s selected, 1.e., when
bridge circuit WB2 1s diagnosed. This configuration allows
the current flowing through bridge circuit WB1 and the
current flowing through bridge circuit WB2 to be mput to
diagnostic circuit 91 subsequently, thereby diagnosing
bridge circuits WB1 and WB2 without enlarging the circuit
scale of diagnostic circuit 91.

Rotation detecting device 150 (magnetic sensor 100a)
includes substrate 12p, magneto-resistive elements 12a to
124 that are provided on substrate 12p to constitute bridge
circuit WBI1, substrate 10p, detection circuit 10a that 1s
provided on substrate 10p and connected to magneto-resis-
tive elements 12a to 12d, wiring 100a1 connecting between
end 12a-1 of magneto-resistive element 12a and detection
circuit 10q, wiring 100a3 connecting between end 12¢-1 of
magneto-resistive element 12¢ and detection circuit 10aq,
wiring 10042 connecting between end 125-2 of magneto-
resistive element 126 and detection circuit 10a, wiring
100a4 connecting between end 12d-2 of magneto-resistive
element 124 and detection circuit 10a, node 12acl that 1s
provided on substrate 10p and combines a signal on wiring
10041 with a signal on wiring 10043, and node 12541 that
1s provided on substrate 10p and combines a signal on wiring
10042 with a signal on wiring 100a4. Detection circuit 10a
includes amplifier 145 that 1s provided on substrate 10p and
amplifies a signal at node 12acl, and amplifier 14a that 1s
provided on substrate 10p and amplifies a signal at node
12b6d1.

Node 12ac1 and node 12541 constitute a midpoint (node
12ac1) and a midpoint (node 12541) of bridge circuit WBI,
respectively.

Wirings 10041 to 100a4 may be bonding wires.

Detection circuit 10a may further include differential
amplifier 16a that amplifies a difference between a signal
from amplifier 145 and a signal from amplifier 14a.

Detection circuit 10a¢ may further include diagnostic
circuit 90 to which a signal from differential amplifier 16a
1s 1nput.

Diagnostic circuit 90 may output an abnormal signal
when an output from differential amplifier 16a deviates from
a predetermined range. Detection circuit 10a may include
analog-to-digital (AD) converter 18a to which a signal 1s
input from differential amplifier 16a.

Diagnostic circuit 90 may output an abnormal signal
when an output of AD converter 18a deviates from a
predetermined range.

End 12a-2 of magneto-resistive element 12¢ and end
126-1 of magneto-resistive element 126 are connected to
reference potential VS. End 12¢-2 of magneto-resistive
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clement 12¢ and end 124-1 of magneto-resistive element
124 are connected to ground GND.

Rotation detecting device 150 (magnetic sensor 100a)
includes substrate 12p, magneto-resistive elements 12a to
124 that are provided on substrate 12p to constitute bridge
circuit WB1, substrate 10p, detection circuit 10aq that is
provided on substrate 10p and connected to magneto-resis-
tive elements 12a to 12d, wiring 100a1 connecting between
end 12a-1 of magneto-resistive element 124 and detection
circuit 10a, wiring 10042 connecting between end 125-2 of
magneto-resistive element 126 and detection circuit 10a,
wiring 100a3 connecting between end 12¢-1 of magneto-
resistive element 12¢ and detection circuit 10a, wiring
100a4 connecting between end 124-2 of magneto-resistive
clement 124 and detection circuit 10a. A midpoint (node
12acl) and a midpoint (node 125641) of bridge circuit WBI1
are provided on substrate 10p.

Detection circuit 10¢ may include amplifier 145 that
amplifies a signal at the midpoint (node 12acl), amplifier
14q that amplifies a signal at the midpoint (node 12641), and
differential amplifier 16a that amplifies a difference between
a signal from amplifier 145 and a signal from amplifier 14a.

Detection circuit 10a may further include diagnostic
circuit 90 to which a signal from differential amplifier 16a
1s 1nput.

Detection circuit 10¢ may further include analog-to-
digital (AD) converter 18a to which a signal 1s mput from
differential amplifier 16a, and diagnostic circuit 90 to which
an output of AD converter 18a 1s nput.

End 12a-2 of magneto-resistive element 12a and end
126-1 of magneto-resistive element 126 are connected to
reference potential VS. End 12¢-2 of magneto-resistive
clement 12¢ and end 124-1 of magneto-resistive element
12d are connected to ground GND.

Magnetic sensor 100q includes magneto-resistive element
12a that outputs signal sin+, magneto-resistive element 12¢
that outputs signal cos—, and detection circuit 10a to which
signal sin+ and signal cos— are mput. Detection circuit 10q
includes regulator 60a that supplies potential VS and VC to
magneto-resistive elements 12a and 12e, respectively, cur-
rent path 11241 that electrically connects magneto-resistive
clement 12a to regulator 60q, current path 11242 with
resistor 112a that electrically connects magneto-resistive
clement 12a to regulator 60a, current path 112561 that
clectrically connects magneto-resistive element 12e to regu-
lator 60a, current path 112562 with resistor 1125 that elec-
trically connects magneto-resistive element 12e to regulator
60a, switch 110a that switches between current path 11241
and current path 11242, switch 11056 that switches between
current path 112561 and current path 11252, and diagnostic
circuit 91 connected to current path 11242 and current path
11252.

Diagnostic circuit 91 1s connected to both ends of resistor
112a and both ends of resistor 1125.

Magneto-resistive element 12a are combined with three
other magneto-resistive elements 126 to 12¢ to constitute
bridge circuit WB1, and magneto-resistive element 12e are
combined with three other magneto-resistive elements 121 to
12/ to constitute bridge circuit WB2. Magneto-resistive
clement 12¢ and magneto-resistive element 12a are made of
the same material, and magneto-resistive element 12a coin-
cides with a configuration 1 which magneto-resistive ele-
ment 12e 1s rotated at 450.

Magnetic sensor 100q includes magneto-resistive element
12a that outputs signal sin+, and detection circuit 10a to
which signal sin+ 1s mput. Detection circuit 10aq includes
regulator 60a that supplies potential VS to magneto-resistive
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clement 12a, current path 112a1 that electrically connects
magneto-resistive element 12a to regulator 60a, current path
11242 with resistor 112a that electrically connects magneto-
resistive element 12a to regulator 60a, switch 110a that
switches between current path 112q1 and current path
11242, and diagnostic circuit 91 connected to current path
112a2.

Diagnostic circuit 91 1s connected to both ends of resistor
112a.

Rotation detecting device 150 includes magnetic sensor
100a, object magnet 142 that generates a magnetic field
detected by magnetic sensor 100a, rotation shaft 144 to
which object magnet 142 1s attached, bearing 146 {for
supporting rotation shait 144, and motor 158 that rotates
rotation shait 144.

Magnetic sensor 100a includes magneto-resistive element
12a that outputs signal sin+, magneto-resistive element 12e¢
that outputs signal cos—, and regulator 60a connected to
magneto-resistive elements 12a and 12e. Magnetic sensor
100a can be diagnosed by the following method. Potential
VS 1s supplied to magneto-resistive element 12a from
regulator 60a through current path 112a1. Potential VS 1s
supplied to magneto-resistive element 12a from regulator
60a through current path 11242 having a larger resistance
than current path 11241 so as to cause current 112a to flow
through magneto-resistive element 12a4. Potential VC 1s
supplied to magneto-resistive element 12¢ from regulator
60q through current path 112561. Potential VC 1s supplied to
magneto-resistive element 12¢ from regulator 60a through
current path 11262 having a larger resistance than current
path 11261 so as to cause current 1126 to flow through
magneto-resistive element 12e¢. When current 112a deviates
from a predetermined range, 1t 1s determined that magneto-
resistive element 124 1s in an abnormal operation. When
current 1126 deviates from a predetermined range, 1t 1s
determined that magneto-resistive element 12¢ 1s in an
abnormal operation.

A period of time when current 1125 flows through mag-
neto-resistive element 12¢ may be different from a period of
time when current 112 tlows through magneto-resistive
clement 12a. A period of time when it 1s determined that
magneto-resistive element 12¢ 1s 1n the abnormal operation
may be diflerent from a period of time when it 1s determined
that magneto-resistive element 124 1s 1n the abnormal opera-
tion.

FIG. 9 15 a top view of magnetic sensor 100 (100qa). FIG.
10 15 a side view of magnetic sensor 100 (100q). In FIG. 9,
the structure of magnetic sensor 100 (100a) 1s partially
omitted. In magnetic sensor 100 (100a) shown 1n FIG. 9,
cach of Hall elements 40a and 405 1s a longitudinal type of
Hall element that detects a magnetic field parallel to sub-
strate 10p on which detection circuit 10 1s provided.

Magnetic sensor 100 (100a) includes magneto-resistive
element 12, detection circuit 10, lead frame 130, wire 134,
sealing resin 136, and terminal 132. Magneto-resistive ele-
ments 12a to 12d constitute magneto-resistive element
group 12x that forms bridge circuit WBI.

Magneto-resistive elements 12¢ to 12/ constitute mag-
neto-resistive element group 12y that forms bridge circuit
WB2. Magneto-resistive element 12 and detection circuit 10
are disposed on lead frame 130. Sealing resin 136 seals
magneto-resistive element 12, detection circuit 10, and lead
frame 130. Terminal 132 extends from sealing resin 136 to
connect detection circuit 10 electrically to the outside.

Straight line L1 passes substantially through center 12xc
of magneto-resistive element group 12x constituted by mag-
neto-resistive elements 12a to 124 and center 12yc¢ of
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magneto-resistive element group 12y constituted by mag-
neto-resistive elements 12¢ to 12/. Hall elements 40a and
405 are arranged symmetrically to each other with respect to
straight line L1. In more detail, a direction of a magnetic
field detected by Hall elements 40aq and 4056 inclines by 45°
with respect to straight line L1.

Each of magneto-resistive elements 12a to 124 1s made of
magnetic resistance pattern 127 slenderly extending perpen-
dicularly to a direction of the magnetic field to be detected.
Magnetic resistance pattern 12¢ of magneto-resistive ele-
ment 12a extends slenderly along straight line L.4. Magnetic
resistance pattern 12¢ of magneto-resistive element 12c¢
extends slenderly along straight line L.6. Straight lines 1.4
and L6 extend symmetrically to each other with respect to
straight line LL1. Straight line L4 inclines by 45° with respect
to straight line L1. Straight line L6 inclines by 45° with
respect to straight line L1. Straight line L4 inclines by 90°
with respect to straight line 6. Each of magneto-resistive
clements 12¢ to 12/ 1s made of magnetic resistance pattern
12s slenderly extending perpendicularly to a direction of the
magnetic field to be detected. Magnetic resistance patterns
12¢ and 12s are made of magneto-resistive material that has
a magneto-resistive eflect. Hall elements 40a and 4056 detect
magnetic field along straight lmmes L3 and L5 passing
substantially through the respective centers of Hall elements
40a and 405. Straight line L3 passing substantially through
the center of Hall element 40a 1s parallel to magnetic
resistance pattern 12¢ of any one of magneto-resistive ele-
ments 12a to 124. Straight line L3 1s parallel to magnetic
resistance pattern 127 of magneto-resistive element 12a, and
therefore, 1s parallel to straight line L4. Straight line L5
passing substantially through the center of Hall element 405
1s parallel to magnetic resistance pattern 12¢ of any one of
magneto-resistive elements 12a to 124. Straight line L5 1s
parallel to magnetic resistance pattern 127 of magneto-
resistive element 12¢, and therefore, 1s parallel to straight
line L6.

Hall element 406 has a configuration 1dentical to that of
Hall element 40a rotating by 90°. Magneto-resistive element
125 has a configuration 1dentical to that of magneto-resistive
clement 12aq rotating by 90°. Magneto-resistive element 124
has a configuration identical to that ol magneto-resistive
clement 12¢ rotating by 90°. Magneto-resistive element 12¢
has a configuration identical to that ol magneto-resistive
clement 12q rotating by 90°. Magneto-resistive element 124
has a configuration identical to that of magneto-resistive
clement 125 rotating by 90°. Each of Hall elements 40aq and
406 1s a longitudinal type of Hall element that detects a
magnetic field parallel to substrate 10p on which detection
circuit 10 1s provided. Accordingly, to easily obtain a mag-
netic field parallel to substrate 10p, Hall elements 40a and
405 are preferably provided near the center of substrate 10p.
Thus, Hall elements 40a and 405 can detect the angle
accurately.

In accordance with the embodiment, magnetic sensor 100
(100a) 1s attached to motor 158 assisting steering wheel 152
and steering shait 154, but not limited to this. For instance,
magnetic sensor 100 (100a) may be used for detecting a
position of a shift lever of a vehicle. In other words,
magnetic sensor 100 (100a) may be used independently as
a stand-alone unit.

Diagnostic circuit 90 may be a part of processing unit 70.

As described above, magnetic sensor 100 includes sub-
strate 12p, magneto-resistive element group 12x that 1s
provided on substrate 12p and constituted by plural mag-
neto-resistive elements 12a to 124 constituting bridge circuit
WBI1, magneto-resistive element group 12y that 1s provided
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on substrate 12p and constituted by plural magneto-resistive
clements 12¢ to 12/ constituting bridge circuit WB2, sub-
strate 10p, Hall elements 40a and 4056 provided on substrate
10p, and detection circuit 10 that 1s provided on substrate
10p and receives a signal from magneto-resistive element
group 12x, a signal from magneto-resistive element group

12y, a signal from Hall element 40q, and a signal from Hall
clement 40b. Fach of Hall elements 40a and 406 1s a
longitudinal type Hall element detecting a magnetic field
parallel to substrate 10p. Hall element 40a and Hall element
406 are arranged symmetrically to each other with respect to
straight line 1. Straight line L1 passes substantially through
center 12xc of magneto-resistive element group 12x and
center 12yc ol magneto-resistive element group 12y.

A direction of the magnetic field detected by Hall element
40a may incline by 45° with respect to straight line L1. A
direction of the magnetic field detected by Hall element 4056
may incline by 45° with respect to straight line L1.

Magneto-resistive element 12a out of plural magneto-
resistive elements 12a to 124 of magneto-resistive element
group 12x includes magnetic resistance pattern 12¢ made of
magneto-resistive material. Magneto-resistive element 125
out of plural magneto-resistive elements 12a to 124 of
magneto-resistive element group 12x includes magnetic
resistance pattern 12¢ made of magneto-resistive material.
Straight line L3 passing substantially through the center of
Hall element 40a may be parallel to magnetic resistance
pattern 12¢ of magneto-resistive element 12a. Straight line
L4 passing substantially through the center of Hall element
406 may be parallel to magnetic resistance pattern 127 of
magneto-resistive element 125b.

Hall elements 40a and 4056 are made of the same material.
Hall element 40q has a configuration identical to that of Hall
clement 405 rotating by 90°.

Plural magneto-resistive elements 12a to 124 of magneto-
resistive element group 12x are made of the same material.
Magneto-resistive element 12a out of plural magneto-resis-
tive elements 12a to 124 of magneto-resistive element group
12x has a configuration identical to that of magneto-resistive
clement 125 out of magneto-resistive elements 12a to 124 of
magneto-resistive element group 12x which rotates by 90°.

As described above, magnetic sensor 100 includes mag-
neto-resistive element group 12x constituted by plural mag-
neto-resistive elements 12a to 124, magneto-resistive ele-
ment group 12y constituted by plural magneto-resistive
elements 12¢ to 12/, Hall element 404, Hall element 405,
detection circuit 10 to which signals from magneto-resistive
clement groups 12x and 12y and signals from Hall elements
40a and 400 are mput. Plural magneto-resistive elements
12a to 124 of magneto-resistive element group 12x include
magneto-resistive element 12q including magnetic resis-
tance pattern 12¢, and magneto-resistive element 1256 1nclud-
ing magnetic resistance pattern 12z. Straight line L3 passing
substantially through the center of Hall element 40a 1s
parallel to magnetic resistance pattern 127 of magneto-
resistive element 12a. Straight line LS passing substantially
through the center of Hall element 4056 1s parallel to mag-
netic resistance pattern 12¢ of magneto-resistive element
125.

Hall element 40a may be arranged such that Hall element
40a inclines by 45° with respect to straight line L1 passing
substantially through center 12xc of magneto-resistive ele-
ment group 12x and center 12yc of magneto-resistive ele-
ment group 12y. Hall element 405 may be arranged such that

Hall element 405 inclines by 45° with respect to straight line
L1.
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Hall elements 40a and 400 may be symmetrical to each
other with respect to straight line L1 passing substantially
through center 12xc of magneto-resistive element group 12x
and center 12yc of magneto-resistive element group 12y.

Magneto-resistive element group 12x constitutes bridge
circuit WB1, and magneto-resistive element group 12y con-
stitutes bridge circuit WB2.

FI1G. 11 1s a top view of still another magnetic sensor 1005
in accordance with the exemplary embodiment. FIG. 12 15 a
cross-sectional view ol magnetic sensor 1006 along line
XII-X1II shown 1n FIG. 11. In FIGS. 11 and 12, components
identical to those of the magnetic sensor shown 1n FIGS. 1A
to 10 are denoted by the same reference numerals. In FIG.
12, a structure of magnetic sensors 1005 1s partially omitted.
Magnetic sensor 1005 includes two magnetic sensors 100
(100a), and includes two magneto-resistive elements 121
and 122 each having the same structure as magneto-resistive
clement 12 shown 1 FIGS. 1A and 1B. Fach of magneto-
resistive elements 121 and 122 has the same substrate as
substrate 12p shown in FIG. 8. Magneto-resistive element
121 includes magneto-resistive element group 121a and
magneto-resistive element group 1215. Magneto-resistive
clement group 121a includes magneto-resistive elements
12a to 12d shown in FIGS. 1A and 1B. Magneto-resistive
clement group 1215 includes magneto-resistive elements
12¢ to 12/ shown in FIGS. 1A and 1B. Similarly, magneto-
resistive element 122 includes magneto-resistive element
group 122a and magneto-resistive element group 1225.
Magneto-resistive element group 122a includes magneto-
resistive elements 12a to 124 shown i FIGS. 1A and 1B.
Magneto-resistive element group 1226 includes magneto-
resistive elements 12¢ to 12/ shown 1n FIGS. 1A and 1B. In
accordance with the exemplary embodiment, detection cir-
cuit 10c¢ 1s provided on an upper surface of substrate 10c1
while detection circuit 104 1s provided on an upper surface
of substrate 1041.

Magnetic sensor 1005 includes magneto-resistive ele-
ments 121 and 122, detection circuits 10c¢ and 10d, sub-
strates 10c1 and 1041, die pad 130, wire 134, sealing resin
138, and leads 1324 and 1324.

Magneto-resistive elements 121 and 122, and substrates
10c1 and 1041 are mounted onto die pad 130.

Sealing resin 138 seals magneto-resistive elements 121
and 122, substrates 10c1 and 1041, and die pad 130.

Leads 132a and 132) extend from sealing resin 138 and
clectrically connected to the outside.

A signal from magneto-resistive element 121 1s input to
detection circuit 10c¢. The structure and operation of detec-
tion circuit 10c¢ are the same as the structure and operation
of detection circuit 10 (10a).

A signal from magneto-resistive element 122 is input to
detection circuit 10d. The structure and operation of detec-
tion circuit 104 are the same as the structure and operation
of detection circuit 10 (10a).

As shown 1n FIG. 11, magneto-resistive elements 121 and
122 are symmetrical to each other about straight line L11.
Alternatively, straight line .12 passes through the center of
magneto-resistive element group 1214, the center of mag-
neto-resistive element group 1215, the center of magneto-
resistive element group 122a, and the center ol magneto-
resistive element group 122b. Magneto-resistive elements
121 and 122 increase redundancy of the sensor, thereby
improving the reliability.

Substrate 10c1 has end surface 10c11 that faces substrate
1041. Magneto-resistive element 121 has end surface 1211
that faces magneto-resistive element 122. End surface 1211
of magneto-resistive element 121 1s flush with end surface
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1011 of substrate 10c¢1. In other words, end surtace 1211 of
magneto-resistive element 121 and end surface 10c11 of
substrate 10c1 are located on straight line .13 when viewed
from above.

Substrate 1041 has end surface 10411 that faces substrate
10c1. Magneto-resistive element 122 has end surface 1221
that faces magneto-resistive element 121. End surface 1221
of magneto-resistive element 122 1s flush with end surface
10411 of substrate 10d41. In other words, end surface 1221 of
magneto-resistive element 122 and end surface 10411 of
substrate 1041 are located on straight line .14 when viewed
from above.

Detection circuit 10¢ and detection circuit 104 include
clectrode groups 126a and 1265 each including plural elec-
trodes to be electrically connected to a magneto-resistive
clement or a lead. The electrodes of electrode groups 126a
and 1265 are arranged 1n parallel with straight line 1.12. The
clectrodes are also arranged in parallel with straight lines
[L15 and L16 separated away from straight line LL12. Elec-
trode groups 126a and 1265 and wires connected to the
clectrode groups are separated away from straight line 1.12,
1.e., the center of the magneto-resistive elements. This
configuration prevents interference from electrode groups
126a and 1265 and the wires connected thereto, thereby
improving accuracy of the magnetic sensor.

FIG. 13 1s a cross-sectional view of further magnetic
sensor 100¢ 1n accordance with the exemplary embodiment.
In FIG. 13, components 1dentical to those of magnetic sensor
10056 shown i FIGS. 11 and 12 are denoted by the same
reference numerals.

Magnetic sensor 100¢ includes magneto-resistive ele-
ments 121 and 122, substrates 10c1 and 1041, die pad 130,
sealing resin 138, wire 134 (FIG. 11), and leads 132a and
13256 (FIG. 11).

In magnetic sensor 100c, magneto-resistive element 122
1s disposed on an upper surface of magneto-resistive element
121. The center of magneto-resistive element 121 coincides
substantially with the center of magneto-resistive element
122 when viewed from above. In other words, straight line
C11 passes through the center of magneto-resistive element
121 and the center of magneto-resistive element 122. Thas
configuration allows the center of magneto-resistive element
121 to be close to the center of magneto-resistive element
122. Therefore, the signals obtained from magneto-resistive
clement 121 and magneto-resistive element 122 can prefer-
ably be substantially the same.

In magnetic sensor 100c¢, substrate 121 includes portion
136 that does not overlap magneto-resistive element 122
when viewed from above. In other words, a width of the
substrate constituting magneto-resistive element 121 1s
larger than a width of the substrate constituting magneto-
resistive element 122. Portion 136 1s provided to secure an
area for wiring. Portion 136 allows the center of magneto-
resistive element 121 to substantially coincide with the
center ol magneto-resistive element 122 when viewed from
above. Therefore, the signals obtained from magneto-resis-
tive elements 121 and 122 can preferably be substantially
the same.

FIG. 14 1s a cross-sectional view of further magnetic
sensor 1004 1n accordance with the exemplary embodiment.
In FIG. 14, components 1dentical to those ol magnetic sensor
100¢ shown in FIG. 13 are denoted by the same reference
numerals. Magnetic sensor 1004 shown 1n FIG. 14 includes
die pads 130a and 1305, instead of die pad 130 of magnetic
sensor 100¢ shown 1n FI1G. 13. Substrate 10c1 1s provided on
an upper surface of die pad 103a. Substrate 1041 1s provided
on an upper surface of die pad 1305. Magnetic sensor 1005
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shown 1n FIG. 12 may further include two die pads 130q and
13056 each having a corresponding one of upper surfaces on
which substrates 10c1 and 1041 are provided, instead of die
pad 130.

FIGS. 15 and 16 are perspective views ol magnetic sensor
100c shown 1n FIG. 13. In FIG. 15, the structure of magnetic
sensor 100¢ shown i FIG. 13 1s partially omitted or
simplified. In FIG. 16, the structure of magnetic sensor 100c¢
shown 1n FIG. 15 1s partially omatted.

Magneto-resistive element 121 includes electrode group
127a constituted by plural electrodes. Magneto-resistive
clement 122 includes electrode group 1275 constituted by
plural electrodes. Electrode group 127a 1s provided on
portion 136 of magneto-resistive clement 121 that 1s
exposed from magneto-resistive element 122. The elec-
trodes of electrode group 127a are arranged along straight
line LL17.

Electrode group 1275 which is constituted by the elec-
trodes 1s provided on magneto-resistive element 122. The
clectrodes of electrode group 127b are arranged along
straight line L.18. Straight line 117 1s parallel with straight
line LL18.

FIG. 17A 15 a front view of magneto-resistive element 12
of magnetic sensor 100a shown i FIG. 8. FIG. 17B 1s a
cross-sectional view of magneto-resistive element 12 along
line 17B-17B shown in FIG. 17A. The structure of magneto-
resistive element 12 shown in FIG. 17B 1s applicable not
only to magnetic sensor 100a shown 1n FIG. 8 but also to the
magnetic sensor shown i FIGS. 1A and 1B.

FIG. 17B shows a cross-section of magneto-resistive
clement 12/2. Magneto-resistive element 12/ includes silicon
substrate 181, 1nsulating layer 182 stacked on silicon sub-
strate 181 1n laminating direction D12, magneto-resistive
(MR) layer 183 stacked on insulating layer 182 in laminat-
ing direction D12, adhesion layer 187 stacked on MR layer
1835 in laminating direction D12, wiring layer 189 stacked on
adhesion layer 187 1n laminating direction D12, protection
layer 183 stacked on MR layer 185 in laminating direction
D12, and protection layer 184 stacked on protection layer
183 in laminating direction D12. Insulating layer 182 1s
made of silicon oxide, such as silicon dioxide. Adhesion
layer 187 1s made of titanium. FIG. 17B shows a cross-
section of magneto-resistive element 12/ along laminating
direction D12.

Wiring layer 189 1s a wiring line for electrical connection
between MR layer 185 and detection circuit 10, and 1s made
of, e.g. gold (Au). Wining layer 189 includes a portion
exposed from protection layer 184, and 1s electrically con-
nected to the outside. Adhesion layer 187 bonds wiring layer
189 to MR layer 185.

Protection layer 183 protects MR layer 185. An upper
surface and a side surface of MR layer 185 are covered with
protection layer 183. In accordance with the exemplary
embodiment, film thickness T2 of protection layer 183
between MR layer 185 and protection layer 184 1s equal to
or larger than 1.5 nm. Film thickness T1 of MR layer 185 is
equal to or smaller than 15 nm. Ratio T1/12 of film thickness
T1 of MR layer 185 to film thickness T2 of protection layer
183 1s larger than 1/10. Protection layer 183 allows protec-
tion layer 184 to be tightly bonded to MR layer 185, thereby
improving reliability to humidity. In the case that protection
layer 184 has a high Young’s modulus, protection layer 183
prevents MR layer 1835 from receiving an influence due to a
stress of protection layer 184.

Protection layer 184 1s provided on protection layer 183,
and 1s made of, e.g. silicon dioxide (S10,) or fluoride-based
resin. Providing protection layer 184 prevents oxidation,
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which 1s caused by humidity of MR layer 185 or oxygen in
the air at high temperature, and protects MR layer 185 from
a mechanical crack, corrosion that 1s caused by direct
contact with all other chemical substances.

A nickel 1ron alloy 1s sputtered on nsulating layer 182 to
form (deposit) MR layer 185. More specifically, while
vacuum 1s increased, a nickel 1ron alloy 1s sputtered at low
gas pressure with high kinetic energy applied to material
atoms of the nickel iron alloy, thereby providing thin and
homogeneous MR layer 185.

Width W of MR layer 185 1n a direction perpendicular to
laminating direction D12 1s equal to or larger than 15 um.
Film thickness T1 of MR layer 185 1n laminating direction
D12 1s equal to or smaller than 15 nm. In other words, 1n the

cross-section of magneto-resistive element 12 shown 1n FIG.

178, an aspect ratio (11/W) of film thickness T1 of MR
layer 185 to width W of MR layer 183 1s equal to or smaller
than 1/1000. This configuration reduces magnetic anisotropy
field Ha of MR layer 185. Here, magnetic anisotropy field
Ha 1s expressed by the following equation with constant
physical property value 4nMs.

Ha=4aMs+(I/W)

Magnetic anisotropy field Ha of MR layer 185 1s smaller
than 12 (Oe¢). Film thickness T1 of MR layer 185 1s equal to

or smaller than 15 nm and width W of MR layer 1835 1s equal
to or larger than 15 um provides the relationship of the above
equation. Thus, even 11 a rotating signal magnetic field with
a magnetic field strength equal to or larger than 12 (Oe) 1s
applied, the signal output from magneto-resistive element
12/ 1s obtained as an almost 1deal sine wave. Further, even
if the magnetic field strength 1s increased to infinite, wave-
form and voltage of the signal output from magneto-resistive

clement 12/ are not almost changed. Accordingly, if the
magnetic field strength of a magnet 1s sufliciently high and
a decrease of the signal magnetic field which 1s caused by a
temperature change 1s equal to or larger than 12 (Oe),
temperature characteristics of the output voltage, which
depends on the magnet, can be virtually 1gnored, so that the
circuit configuration 1s simplified.

FIG. 18A 1s a cross-sectional view of MR layer 585 of a
comparative example of a magneto-resistive element. FIG.
18B is a cross-sectional view of MR layer 185 of magneto-
resistive element 12 according to the embodiment.

After the magneto-resistive element 1s patterned to extend
slenderly 1n a longitudinal direction as shown in FIG. 17A,
MR layer 585 of the comparative example shown in FIG.
18A has a cross-section in which magnetic domain walls,
cach of which 1s a boundary between one magnetic domain
and another magnetic domain, are aligned 1n a longitudinal
direction of MR layer 585. This structure 1s obtained as
follows. A substrate 1s heated to a temperature equal to or
higher than 200° C., and MR layer 585 1s deposited by, e.g.
ion beam deposition to have a film thickness equal to larger
than 25 nm, thereby providing crystal grain C585 with a
predetermined particle diameter. Grain boundaries B58S5,
cach of which 1s a boundary between crystal grains C585,
exist 1 a cross-section of MR layer 585. This method hardly
reduces the film thickness because the film thickness of MR
layer 5385 equal to or smaller than 25 nm provides crystal
grain C585 with an 1sland-shape structure. In consideration
ol consumption current, if the resistance 1s increased, 1t will
be necessary to reduce a width of MR layer 585. As shown
in the above equation, however, 11 the width of MR layer 585
1s reduced, magnetic anisotropy field Ha increases. Thus, the
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sine wavetform, which 1s obtained at the time of detecting a
magnetic field angle, 1s distorted remarkably. This deterio-
rates the detection accuracy.

On the other hand, after magneto-resistive element 12 1s
patterned to extend slenderly 1n the longitudinal direction as

shown 1n FIG. 17A, MR layer 1835 in accordance with the

exemplary embodiment shown in FIG. 18B has a cross-
section 1n which crystal grains of a metallic material (nickel
iron alloy according to the exemplary embodiment), which
constitutes MR layer 185, do not exist, 1.¢., grain boundaries,
cach of which 1s a boundary between the crystal grains, do
not exist. MR layer 185 has magnetization anisotropy in a
direction of film thickness T1 (in another expression, lami-
nating direction D12). This configuration prevents MR layer
185 from being magnetized in a direction parallel to a
surface of insulating layer 182 because crystal grains are not
tully formed for film thickness 11 equal to or smaller than
15 nm, and crystal grains are not formed when sputtered at
a substrate temperature equal to or lower than 25° C. In other
words, when a magnetic field 1in a direction substantially
parallel to silicon substrate 181 1s applied, the direction of
magnetization of MR layer 185 1s easily reversed, and MR
layer 185 1s mostly saturated magnetically with a low
magnetic field. That 1s, MR layer 185 1s magnetized 1n a
direction parallel to a main surface of silicon substrate 181.
This configuration reduces a superimposed amount of mag-
netic field strength that 1s changed when an angle of the
magnetic field with respect to a direction substantially
parallel to silicon substrate 181 1s detected. This configura-
tion provides an angle detection signal substantially consis-
tent with the theory. The term “crystal grains do not exist”
means that crystal grains do not exist 1n a cross-section along,
a direction perpendicular to the longitudinal direction of MR
layer 185 shown in FIG. 17B. Further, the term “crysta
grains do not exist” does not necessarily mean that no crystal
grains exist in all of cross-sections of MR layer 185, which
appear 1n the above cross-section, but also means that crystal
grains do not exist 1n at least one cross-section 1n laminating
direction D12 of MR layer 185. The one cross-section of MR
layer 185 1s a cross-section of MR layer 185 that appears 1n
an area surrounded by a dashed line 1n FIG. 17B.

In the case where magnetic sensor 100 1n accordance with
the exemplary embodiment 1s used for a rotation detection
device, object magnet 142 preferably has a magnetic field
(signal magnetic field) equal to or larger than 20 mT. This 1s
because, in the case that magnetic sensor 100 1n the exem-
plary embodiment used for an in-vehicle magnetic sensor,
since a large-sized power generator, a motor, or the like 1s
often mounted near the magnetic sensor 1n a vehicle, mag-
netic sensor 100 1s likely to be aflected by magnetic field
variations caused by coils built 1 these components.
Accordingly, the signal magnetic field strength to be
detected 1s set as high as possible, thereby reducing these
influences.

Magnetic sensor 100 1s attached to motor 158 assisting
steering wheel 152 and steering torque 154, which are
shown 1n FIG. 2B, but not limited to this. Magnetic sensor
100 in accordance with the exemplary embodiment may be
used, for example, for detecting a lever position of a shift
lever 1n a vehicle. In other words, magnetic sensor 100 can
be used solely and independently.

Diagnostic circuit 90 shown i FIG. 8 may be a part of
processing circuit 70.

FIG. 19 shows another magnetic sensor 100e 1in accor-
dance with the exemplary embodiment. In FIG. 19, structure
of magnetic sensor 100¢ 1s partially omitted or simplified. In
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FIG. 19, components 1dentical to those of magnetic sensor
1006 shown in FIGS. 11 and 12 are denoted by n the same
reference numerals.

Magnetic sensor 100e includes magneto-resistive element
groups 121a and 1225, substrates 10c1 and 1041, die pad
130, wire 134, sealing resin 138, lead 132, and substrates
201a, 2015, 201c, and 201d. As described above, each of
magneto-resistive element groups 121a and 122a 1s consti-
tuted by magneto-resistive elements 12a to 124 while each
of magneto-resistive element groups 1215 and 1226 1s
constituted by magneto-resistive elements 12¢ to 124.

Magneto-resistive element group 121a 1s provided on
substrate 201a.

Magneto-resistive element group 1215 1s provided on
substrate 2015. Substrate 2015 includes portions 20151 and
20152. Portion 20151 1s thicker than substrate 201a. Portion
20152 extends from portion 2015 and overlaps substrate
201a. Magneto-resistive element group 1215 1s provided on
portion 20152,

Magneto-resistive element group 122a 1s provided on
substrate 201c. Substrate 201¢ includes portions 201¢1 and
201c2. Portion 2011 1s thicker than substrate 2015. Portion
2012 extends from portion 201c1 and overlap substrate
2015. Magneto-resistive element group 122a 1s provided on
portion 201c2.

Magneto-resistive element group 12256 1s provided on
substrate 201d. Substrate 2014 includes portions 20141 and
20142. Portion 20141 1s thicker than substrate 201d. Portion
20142 extends from portion 20141 and overlap substrate
201d. Magneto-resistive element group 1225 1s provided on
portion 20142.

Substrates 201a and 2015 are arranged along axis Y.
Substrates 201¢ and 2014 are arranged along axis X1. Axes
X1 and Y1 intersect perpendicularly with each other.
Accordingly, at least one portion of each substrate 1s
exposed when viewed from above. Therefore, electrode 203
for electrically connecting the substrates with detection
circuit 10¢ (10d) can be provided on a corresponding one of
the substrates. In other words, since at least one portion of
cach substrate 1s exposed when viewed from above, elec-
trode 203 for electrically connecting of the substrates to
detection circuit 10¢ (10d) can be provided on an upper
surface of a corresponding one of the substrates.

Each of substrates 2015, 201¢, and 2014 1s mounted on an
upper surface of respective one of mounting boards. In
accordance with the exemplary embodiment, the mounting
boards are substrates 10c1 and 1041 on which detection
circuits 10¢ and 10d are provided. Each of portion 20151 of
substrate 2015, portion 201¢1 of substrate 201¢, and portion
20141 of substrate 2014 has a portion inclined at predeter-
mined angle 0 with respect to the upper surface of the
mounting board. Angle 0 ranges from 45 degrees to 55
degrees.

Substrate 201a, portion 20152 of substrate 2015, portion
201¢2 of substrate 201c, and portion 20142 of substrate
2014 have substantially the same thickness. Portion 20152
of substrate 2015, portion 201¢2 of substrate 201c, and
portion 20142 of substrate 2014 can be formed by silicon
anisotropic etching, 1.e., a silicon substrate i1s partially
removed using alkaline wet anisotropic etching liquid (for
example, potassium hydrate solution (KOH), tetramethyl
ammonium hydroxide solution (TMAH)).

The center of magneto-resistive element group 121a
substantially coincides with the center of magneto-resistive
clement group 1226 when viewed from above. In other
words, at least one portion of magneto-resistive element
group 121a overlaps at least one portion of magneto-
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resistive element group 1226 when viewed from above.
Since the center of magneto-resistive element group 121a
substantially coincides with the center of magneto-resistive
clement group 1215 when viewed from above, a phase shiit
between the signal sin and the signal cos can be reduced.
Herein, the signal sin 1s output from magneto-resistive
clement group 121a, and the signal cos i1s output from
magneto-resistive element group 1215. Consequently, an
angle error of magnetic sensor 1004 1s reduced. This con-
figuration reduces a phase shift between an angle signal
output from magneto-resistive element groups 121a and
12156 and an angle signal output from magneto-resistive
clement groups 122a and 1225. Therefore, the redundancy
of magnetic sensor 1004 1s improved.

Magnetic sensor 100 (100a to 100¢) 1n accordance with
the exemplary embodiment can detect an angle, but not
limited to this. Magnetic sensor 100 (100aq to 100e) may
detect, for example, a displacement of an object moving
along a straight line. This point will be detailed below.

FIG. 20A shows an operation of magnetic sensor 100
when magnet 142 is located on the left-hand side of mag-
netic sensor 100. Herein, the displacement of magnet 142 1s
to be detected. Any one of magnetic sensors 100a to 100¢e
may be used as magnetic sensor 100.

An operation of magnetic sensor 100 shown 1n FIG. 20A
will be described. When magnet 142 moves 1n a direction of
displacement axis A142 by an amount of displacement +A,
a magnetic vector angle of =90 degrees 1s input to magnetic
sensor 100, whereas when magnet 142 moves 1n the direc-
tion of displacement axis A142 by an amount of displace-
ment —A, a magnetic vector angle of +90 degrees 1s mput to
magnetic sensor 100. FIG. 20B shows a relationship
between a magnetic vector angle which 1s mput to magnetic
sensor 100 due to the movement 1n the direction of displace-
ment axis A142, and the amount of displacement of magnet
142. In FIG. 20B, the horizontal axis represents an amount
of displacement, and the vertical axis represents the vector
angle. Magnetic sensor 100 performs ARCTAN calculation
of output of AD converters 18a and 186 (see FIG. 1A),
which 1s generated by the movement of magnet 142, to
output signals according to an amount of displacement of
magnet 142. FIG. 20C shows an output of magnetic sensor
100 and an amount of displacement of magnet 142. In FIG.
20C, the hornizontal axis represents an amount ol displace-
ment, and the vertical axis represents an output ol magnetic
sensor 100. As shown in FIG. 20C, the output of magnetic
sensor 100 changes substantially linearly with respect to the
amount of displacement.

FIG. 21A shows an operation of magnetic sensor 100
when magnet 142 1s located on the right-hand side of
magnetic sensor 100. Herein, the linear displacement of
magnet 142 1s to be detected.

An operation shown 1n FIG. 21 A will be described. When
magnet 142 moves 1n the direction of displacement axis
A142 by an amount of displacement +A, a magnetic vector
angle of +90 degrees 1s mput to magnetic sensor 100,
whereas when magnet 142 moves in the direction of dis-
placement axis A142 by an amount of displacement —A, a
magnetic vector angle of —90 degrees 1s mput to magnetic
sensor 100. FIG. 21B shows a relationship between a
magnetic vector angle mput to magnetic sensor 100 due to
the movement 1n the direction of displacement axis Al142,
and the amount of displacement of magnet 142. In FI1G. 21B,
the horizontal axis represents an amount of displacement,
and the vertical axis represents the vector angle. Magnetic
sensor 100 performs ARCTAN calculation of output of AD
converters 18a and 185 (see FI1G. 1A), which 1s generated by
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the movement of magnet 142, to output signals according to
an amount of displacement of magnet 142. FIG. 21C shows
an output of magnetic sensor 100 with respect to an amount
of displacement of magnet 142. In FIG. 21C, the horizontal
axis represents an amount of displacement, and the vertical
ax1s represents the output of magnetic sensor 100. As shown
in FIG. 21C, the output of magnetic sensor 100 changes
substantially linearly with respect to the amount of displace-
ment. In this way, for the arrangement shown in FIG. 20A
and the arrangement shown in FIG. 21A, the outputs of
magnetic sensor 100 are changed reversely to each other.
FIG. 22 1s a schematic view of detection device 230
including magnetic sensor 100 1n accordance with the exem-
plary embodiment. Detection device 230 includes case 231,
guide 232, object magnet 142, shaft 234, and magnetic
sensor 100. Shaift 234 may be a shift lever. Any one of
magnetic sensors 100a to 100e may be employed as mag-

netic sensor 100.
Slit 236 1s provided in case 231.

Slit 236 includes portions S231, S232, and S236. Each of
portions S231 and S232 extends slenderly along a corre-
sponding one of straight lines L.231 and 1.232 1n parallel
with each other. Portion S236 connects portion S231 to
portion 232. In FIG. 22, slit 236 has an H-shape. Guide 232
1s provided 1n an 1nner wall of slit 236. In accordance with
the exemplary embodiment, gmide 232 1s a recess provided
in an 1mner wall of slit 236.

Object magnet 142 1s disposed slidably 1n slit 236 along
guide 232. In other words, object magnet 142 1s slidable
along straight line 1.232 and straight line [.231. Further,
straight line 1.232 and straight line 1.231 are tracks along
which object magnet 142 moves.

Object magnet 142 may be partially fitted into guide 232.
In the case where object magnet 142 1s covered with resin,
the resin may be partially fitted into guide 232. In the case
where shait 234 1s a part of a lever mechanism, a linkage
mechanism connected to the lever mechanism may move the
object magnet.

Shaft 234 1s connected to object magnet 142. When a user
operates shaft 234, object magnet 142 moves along guide
232.

Magnetic sensor 100 which 1s attached to case 231 1s
disposed between straight lines 1.231 and L.232, and detects
a linear displacement of object magnet 142 in response to the
operations shown 1n FIGS. 20A to 20C and FIGS. 21A to
21C.

FIG. 23A 1s a partial top view of detection device 230
shown 1n FIG. 22. FIG. 23 A does not illustrate unnecessary
structure for description. FIG. 23 A shows straight line 1.241
located between straight lines 1.231 and 1.232.

Straight line 1.241 parallel to straight line 1.231 1s located
at an equal distance from straight lines 1.231 and 1L.232.

In detection device 230, straight line 1.241 1s located
between magneto-resistive element groups 12x and 12y. In
other words, magneto-resistive element 12 1s provided such
that straight line 1.241 passes through the center of magneto-
resistive element 12. On the other hand, Hall elements 40a
and 406 are provided such that straight line .241 does not
pass through Hall elements 40aq and 4056. In other words,
Hall elements 40a and 4056 are located away from straight
line 1241 by a predetermined distance.

With the configuration, 1n magneto-resistive element 12,
even 1f object magnet 142 1s located on either straight line
[.231 or straight line 1.232, the distance from the center of
magneto-resistive element group 12x to straight line 1.231 1s
identical to the distance from the center of magneto-resistive
clement group 12x to straight line, and the distances from the
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center of magneto-resistive element group 12y to straight
line 1.231 1s 1dentical to the distance from the center of
magneto-resistive element group 12y to straight line 1.232.
Accordingly, the signals output from the magneto-resistive
clement groups have almost constant intensity. For instance,
a signal output from magneto-resistive element 12 1n
response to object magnet 142 shown 1n FIG. 23 A located at
position PA has the same intensity as a signal output from
magneto-resistive element 12 1n response to object magnet
142 shown in FIG. 23A located at position PC. In other
words, even 11 object magnet 142 i1s located away from
magnetic sensor 100 1n either direction, 1.e., on the right-
hand side or the left-hand side of magnetic sensor 100,
magnetic sensor 100 can detect the position of object magnet
142 accurately.

FIG. 23B shows outputs of Hall elements 40a and 405. In
FIG. 23B, the vertical axis represents the outputs of Hall
clements 40a and 405, and the horizontal axis represents the
position of magnet 142 1n a direction of straight line 1.242.
On the other hand, for each Hall element, object magnet 142
passes closer to Hall elements 40a and 405 when moving on
straight line 1.231 than object magnet 142 passes when
moving on straight line 1.232. Herein, the intensity of signals
output from Hall elements 40a and 405 increases as the
magnetic field strength applied to Hall elements 40a and 405
from the outside increases. Thus, signal X2 becomes larger
than signal X1. Signal X2 1s a signal output from Hall
clements 40a and 405 when object magnet 142 moves on
straight line [.231, and signal X1 1s a signal output from Hall
clements 40a and 406 when object magnet 142 moves on
straight line 1.232.

Accordingly, for instance, 11 the signal output from each
Hall element 1s checked with a threshold, 1t can be deter-
mined whether object magnet 142 1s located on straight line
[.231 or straight line 1.232, 1.e., located apart from magnetic
sensor 100 1n a rnght-hand direction or a light-hand direction.
In other words, 1t can be determined whether object magnet
142 1s located on the right-hand side or the left-hand side of
magnetic sensor 100. Specifically, when Hall element 40a
(406) outputs signal X1, magnet 142 1s located on straight
line 1232, 1.e., at portion S232 between position PC and
position PD 1n slit 236. When Hall element 40a (405)
outputs signal X2, magnet 142 1s located on straight line
[.231, 1.e., at portion S231 between position PA and position
PB 1n slit 236.

FIG. 24 1s a block diagram of the magnetic sensor of
detection device 230 shown 1n FIG. 22. In FIG. 24, com-
ponents 1dentical to those of magnetic sensor 100 shown in
FIG. 1A are denoted by the same reference numerals. The
magnetic sensor includes detection circuit 105, instead of
detection circuit 10. Detection circuit 105 further includes
an output terminal (VOUT), interrupt generation unmt 80e,
and interrupt output terminal INT. The output terminal
(VOUT) outputs, to the outside as an output signal, a signal
which 1s obtained by performing at least one processing
selected from amplification, analog-to-digital conversion,
oflset correction, and temperature-characteristics correction
to the signal input from magneto-resistive element 12. When
the signal mput from Hall element 40a (405) 1s larger than
the predetermined threshold, iterrupt generation unit 80e
outputs interrupt signal Si11 from interrupt output terminal
INT. When the signal input from Hall element 40a (405) 1s
equal to or less than the predetermined threshold, interrupt
generation unit 80e outputs interrupt signal S12 from 1nter-
rupt output terminal INT. Interrupt signal Sil1 indicates that
magnet 142 1s located apart from magnetic sensor 100 in
direction D1la. Interrupt signal Si12 indicates that magnet
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142 1s located apart from magnetic sensor 100 1n direction
D12a opposite to direction Dlla.

In magnetic sensor 100¢ shown in FIG. 13, magneto-
resistive element 122 1s disposed above magneto-resistive
clement 121. Especially, magneto-resistive elements 121
and 122 are arranged such that the center of magneto-
resistive element 121 coincides with the center of magneto-
resistive element 122. Such a configuration in which the
center ol magneto-resistive element 121 coincides substan-

tially with the center of magneto-resistive element 122 1s not
limited to this.

Another magnetic sensor in which the center ol magneto-
resistive element 121 coincides substantially with the center
of magneto-resistive element 122 will be described below.
FIG. 25 1s a perspective view of further magnetic sensor
100/ 1n accordance with the exemplary embodiment. FIGS.
26 to 32 illustrates a method of manufacturing magnetic
sensor 1007/, In FIGS. 25 to 32, components 1dentical to
those of magnetic sensor 1004 shown in FIG. 14 are denoted
by the same reference numerals.

As shown in FIG. 26, die pad 130a of magnetic sensor
100/1s connected to die pad 1305 with connecting part 251.

Next, as shown 1in FIG. 27, substrates 101 and 1041 are
disposed on die pads 130a and 1305, respectively. Detection
circuit 10¢ 1s provided on substrate 10c1. Detection circuit
104 1s provided on substrate 1041.

Next, as shown 1n FIG. 28, magneto-resistive element 121
1s disposed on detection circuit 10c. Magneto-resistive ele-
ment 122 1s disposed on detection circuit 104,

Next, as shown in FIG. 29, wire 134 electrically connects
detection circuit 10¢ to magneto-resistive elements 121.
Wire 134 clectrically connects detection circuit 10c¢ to lead
132a. Wire 134 electrically connects detection circuit 104 to
magneto-resistive elements 122. Wire 134 electrically con-
nects detection circuit 104 to lead 1325b.

Next, as shown 1 FIG. 30, magneto-resistive elements
121 and 122, substrates 10c1 and 1041, and wire 134 are
molded with sealing resin 138.

Next, as shown 1n FIG. 31, a part of tie bar 291 1s cut off,
and then leads 132a and 13256 are bent.

Next, as shown 1n FIG. 32, the remaining part of tie bar
291 1s cut off, and then connecting part 251 1s bent to obtain
magnetic sensor 100/ 1n FIG. 25.

This structure makes allows the center of magneto-resis-
tive element 121 to be close to the center of magneto-
resistive element 122 precisely. Thus, the signals obtained
from magneto-resistive element 121 and magneto-resistive
clement 122 can preferably be substantially the same.

Magnetic sensor 100/ 1s formed by the above manufac-
turing process has the following features.

Lead 132a electrically connected to detection circuit 10c¢
1s extracted from surface 323 of sealing resin 138. Lead
1326 electrically connected to detection circuit 104, 1s
extracted from surface 321 opposite to surface 323 of
sealing resin 138. Sealing resin 138 has bottom surface 329
connected to surfaces 321 and 323. Lead 132a connected to
detection circuit 10c¢ 1s extracted from a position closer to
bottom 329 of sealing resin 138 than lead 13256 connected to
detection circuit 104 1s, 1.¢., a lower position. In other words,
lead 132a connected to detection circuit 10c¢ 1s extracted
from near bottom 329 of sealing resin 138, and lead 1325
connected to detection circuit 104 1s extracted from near
upper surface 329A opposite to bottom 329, 1.e., lead 132a
and lead 13256 are extracted at heights different from each

other, and the difference between the different heights 1s
difference W1 (see FIG. 25).
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Connecting part 251 1s extracted from surface 3235 which
1s perpendicular to surfaces 321 and 323 and has an arch
shape. The shape of connecting part 2351 1s not limited to the
arch shape. For instance, i a part of connecting part 251 1s
cut ofl after being bent, connecting part 251 may have an
arch shape having 1its top portion removed. In other words,
connecting part 251 includes a portion extracted from at
least two points of surface 3235. Further, boundary L.21 may
remain in sealing resin 138 1n a portion surrounded by the
arch shape of connecting part 251, 1.e., between the two
points at which connecting part 251 i1s extracted from

surface 325 (see FI1G. 25). Boundary L.21 1s a trace at which

sealing resin 138 for sealing magneto-resistive element 121
shown 1n FIG. 32 1s bonded to sealing resin 138 for sealing
magneto-resistive element 122. Herein, the “boundary” may
indicate a line remaining 1n resin, and/or a state where a gap
1s generated 1n a part of resin. Further, the “boundary” is

located between die pad 130aq and die pad 1305.

Supporting parts 281 that connect between tie bar 291 and
cach of die pads 130a and 1305 are extracted from surface
327 opposite to surface 325. Connecting part 2351 1s
extracted from surface 325.

In magnetic sensor 100e shown in FIGS. 26 to 31,
magneto-resistive elements 121 and 122 are disposed on
substrates 10c1 and 1041, respectively. Substrates 10c1 and
1041 are disposed on die pads 130a and 1305, respectively.
Magneto-resistive elements 121 and 122 may be disposed on
die pads 130a and 1305, respectively while substrate 10c1
and 1041 may be disposed on magneto-resistive elements
121 and 122, respectively. This configuration allows mag-
neto-resistive element 121 to be located close to magneto-
resistive element 122. This configuration provides more
approximated magnetic fields to be detected each of which
1s input to the magneto-resistive element, so that the signals
to be output from the magneto-resistive clements are
matched accurately.

FIG. 22 shows detection device 230 including magnetic
sensor 100 1n accordance with the exemplary embodiment,
but structure of the detection device 1s not limited to this.

FIG. 33 1s a perspective view of still another detection
device 260 1n accordance with the exemplary embodiment.
FIGS. 34 A and 34B are partial top views of detection device
260. In FIGS. 34A and 34B, unnecessary structure for
description 1s omitted, as necessary, to be described. Detec-
tion device 260 includes case 261, guide 262, linkage
mechanism 263, shaft 264, and magnetic sensor 100. Shaft

264 may also be described as a shift lever.
Slit 266 1s provided 1n case 261.

Slit 266 has portions S261, 5262, and S266. Portions
S261 and 5262 extend slenderly along straight lines 1.261
and 1.262 parallel with each other, respectively. Portion
5266 connects portion S261 to portion 262. In FIG. 33, slit
266 has an H-shape. Guide 262 1s provided i an inner wall
of slit 266. In accordance with the exemplary embodiment,
guide 262 15 a recess provided 1n the mner wall of slit 266.
Shaft 264 1s connected to linkage mechanism 263. When
a user operates shait 264, a part of a member constituting
linkage mechanism 263 moves along guide 262.

Linkage mechanism 263 includes supporting part 263a
connected to shaft 264, movable body 2635 connected to
supporting part 263a, belt 263¢ connected to movable body
263b, movable body 263 connected to belt 263¢, and object
magnet 142 connected to movable body 263.

Supporting part 263a 1s slidable 1n slit 266 along guide
262. In other words, supporting part 263a can move along
straight line 1.262 and straight line [.261. Further, straight
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line L.262 and straight line 1.261 can be described as traces
along which supporting part 263a moves.

Movable body 2635 1s configured to convert an up-down
movement of supporting part 263a mto a rotational move-
ment. Further, by moving movable body 2635 horizontally,
the rotation amount thereof 1s changed. To achieve this
mechanism, movable body 2635 has a cross section having
a trapezoid shape. That 1s, a portion of movable body 2635
closer to supporting part 263q has a diameter larger than that
ol a portion farther from supporting part 263a.

Belt 263¢ connects movable body 2635 to movable body
2634, and transmits the rotational movement of movable
body 2636 to movable body 263d.

FIG. 34C 1s a front view of object magnet 142. Movable
body 263d has a cylindrical shape such that movable body
2634 rotates due to a driving force transmitted through belt
263¢c. Object magnet 142 1s connected to movable body
2934, thereby giving a change of magnetic field of object
magnet 142 to magnetic sensor 100. In this way, linkage
mechanism 263 1s coupled with shait 264 (shift lever), and
configured such that a rotation amount of movable body
263d 1s changed according to horizontal movement of shaft
264. Thus, a difference in rotation angle of object magnet
142 1s generated between position PB and position PB. As
a result, positions PA, PB, PC, and PD can be determined by
only one magnetic sensor 100.

Linkage mechanism 263 having this structure may be
expressed as a variable speed pulley.

When linkage mechanism 263 having this structure is
employed, Hall elements 40a and 405 of magnetic sensor
100 and a circuit used for detecting the output from Hall
clements 40aq and 405 are not essential.

In the exemplary embodiment, terms, such as “upper
surface”, and “when viewed from above” indicate relative
directions determined only by relative physical relationship
between component members of the magnetic sensor, but do
not indicate absolute directions, such as a vertical direction.

REFERENCE MARKS IN THE DRAWINGS

10 detection circuit

12 magneto-resistive element

12a-12/ magneto-resistive element

12¢, 125 magnetic resistance pattern
12ac, 12bd, 12eg, 12/7 node (midpoint)
12x magneto-resistive element group
12y magneto-resistive element group
14a-14d amplifier

15 ofiset control circuit

16a, 1656 diflerential amplifier

17 gain control circuit

18a, 185 AD converter

40a, 405 Hall element

42a, 42b amplifier

d4a, 44b comparator

60a-60c regulator

70 processing unit

70a angle detection circuit

705 rotation number detection circuit
70c oflset-temperature-characteristic correction circuit
70d gain-temperature-characteristic correction circuit
70e automatic correction circuit

80a, 805 oscillator

80c memory

80d temperature sensor

90, 91 diagnostic circuit

100 magnetic sensor
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100a1-100a4 wiring

10051-10064 wiring

112a, 1125 resistor

11241, 11242, 11251, 112562 current path
WB1, WB2 bridge circuit

121, 122 magneto-resistive element

121a, 122a magneto-resistive element group

12156, 1225 magneto-resistive element group
130, 130qa, 1305 die pad

132, 1324, 1325 lead
134, 1345 wire

138 sealing resin
142 object magnet
144 rotation shaft
146 bearing

150 rotation detection device
201a substrate

2015 substrate

201c¢ substrate

201d substrate

203 electrode

230 detection device

The invention claimed 1s:
1. A magnetic sensor configured to be used with a magnet,
the magnetic sensor comprising:

a magneto-resistive element;

a Hall element disposed 1n a predetermined direction from
the magneto-resistive element; and

a detection circuit that receives a signal from the mag-
neto-resistive element and a signal from the Hall ele-
ment 1nput thereto,

wherein the detection circuit includes:

a processing unit configured to output a signal to an
outside as an output signal, the signal being obtained
by performing, to the signal input from the magneto-
resistive element, at least one processing selected
from amplification, analog-to-digital conversion,
offset correction, and temperature-characteristics
correction; and

an mterrupt generation unit configured to output signals
in response to the signal input from the Hall element,

wherein the signal output from the processing unit indi-
cates a position of the magnet when viewed in the
predetermined direction, and
wherein the interrupt generation unit 1s configured to:
output a first interrupt signal when the signal input from
the Hall element 1s larger than a predetermined
threshold, the first interrupt signal indicating that the
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magnet 1s positioned 1n a first direction from the
magnetic sensor, the first direction being perpendicu-
lar to the predetermined direction; and

output a second interrupt signal when the signal 1mput
from the Hall element 1s less than or equal to the

predetermined threshold, the second interrupt signal
indicating that the magnet 1s positioned 1n a second
direction from the magnetic sensor, the second direc-
tion being opposite to the first direction.
2. A detection device comprising;
the magnetic sensor of claim 1; and
magnet.
3. The detection device of claim 2,
wherein the first interrupt signal indicates that the magnet
1s located apart from the magnetic sensor in the {first
direction, and
wherein the second interrupt signal indicates that the
magnet 1s located apart from the magnetic sensor 1n a
second direction opposite to the first direction.
4. A detection device comprising:
a magnetic sensor including a magneto-resistive element
and a Hall element; and
a magnet movable along a first straight line and a second
straight line parallel with each other,
wherein the magneto-resistive element overlaps a third
straight line when viewed from above, the third straight
line being parallel with the first straight line and located
at equal distances from the first straight line and the
second straight line,
wherein the Hall element 1s provided between the first
straight line and the third straight line, and
wherein the magneto-resistive element and the Hall ele-
ment are arranged in a direction perpendicular to the
third straight line.
5. The detection device of claim 4, wherein the third

straight line passes substantially through a center of the
magneto-resistive element.

6. The detection device of claim 4, wherein the magnetic

sensor outputs an interrupt signal when the magnet 1s located
on the first straight line.

7. The magnetic sensor of claim 1,

wherein the first interrupt signal indicates that the magnet
1s located apart from the magnetic sensor in the {first
direction, and

wherein the second interrupt signal indicates that the
magnet 1s located apart from the magnetic sensor 1n the
second direction.
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